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ABSTRACT
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Intermediate strain rate testing methodologies and full-ﬁeld
optical strain measurement techniques for composite
materials characterisation
by Marco Luigi Longana
Two optical full-ﬁeld strain measurement techniques, Digital Image Correlation
and the Grid Method, are applied to characterise the strain-rate dependent con-
stitutive behaviour of composite materials. Optical strain measurement techniques
based on full-ﬁeld images are well established for material characterisation in the
quasi-static strain rate region, however in this work they are developed to study the
material behaviour at intermediate strain rates, which is relatively unexplored. For
this purpose a testing methodology that combines high speed imaging and the use
of a high speed test machine is devised. The overall goal is to extract composite
materials constitutive parameters to be used in the modelling of strain rate depend-
ent behaviour. Particularly the strain rate dependence of the stiﬀness of glass and
carbon ﬁbre reinforced epoxy materials is investigated. A characterisation proced-
ure based on oﬀ-axis specimens with oblique end-tabs is developed and applied to
the study of the shear behaviour of a carbon/epoxy composite material.
The research in the PhD programme constitutes an essential ﬁrst step for more
proﬁtable applications of full-ﬁeld measurement techniques to high speed testing.
Full-ﬁeld data acquired with the experimental methodology devised here can be
used to investigate non linear material behaviours. Furthermore this experimental
methodology, applied to specimens that generate non uniform strain ﬁelds, can pro-
duce strain maps useful for the application of the Virtual Fields Method. This will
lead to a reduction of the experiments needed to characterise materials.Alla mia famiglia
per il loro incoraggiamento,
aiuto e sostegno“Restiamo umani,
anche quando intorno a noi l’umanità pare si perda.”
Vittorio ArrigoniContents
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xxviii1 Introduction
1.1 Background and motivation
In general, a composite material system is the combination of two or more diﬀerent
materials, or phases. Its engineering properties are a combination of the individual
constitutive materials properties and their interaction, i.e. the interface. The possib-
ility of producing a material able to fulﬁl certain engineering tasks is the strength of
composite materials which, in the last decades, have been used in several roles, e.g.
ablative materials for thermal protection, vibration damping and primary structural
materials. Historically, the ﬁrst example of a composite material used as engineer-
ing material is wood used as a structural material, which is composed of a series of
cellulose ﬁbres, that bear the tensile loads, in a lignin matrix that bears the com-
pressive loads. The earliest application of a man-made composite material was for
building construction; straw and mud were mixed to form bricks. Apart from these
natural composite material examples, composites are almost industrially irrelevant
till the second post-war period. The real boost in the usage of composite materi-
als for engineering and industrial applications was given by development of organic
polymers synthesis techniques and by the improvements in materials manufacturing
technologies. The progress in the chemistry and manufacturing ﬁeld made possible
the development of composite materials able to replace metals in many applications
[1]. Speciﬁcally the most commonly used composite material are Fibre Reinforced
Plastics (FRP). By means of example the development of FRP application in aero-
nautic applications is shown in Figures 1.1 and 1.2 from [2].
1Figure 1.1: Development of composite share in civil aircraft structure, [2]
Figure 1.2: Development of composite share in military aircraft structure, [2]
The work described in the thesis focuses on the structural application of ﬁbre
reinforced thermosetting polymeric materials. These types of materials are a com-
bination of a continuous polymeric matrix and an elongated ﬁbrous phase. The
ﬁbres bear the tensile load while the matrix is responsible for transferring the load
between the ﬁbres, maintaining the shape and hence the compatibility as well as a
corrosion protection role. The contact region between the two main constituents,
2i.e. ﬁbres and matrix, is called the interface, in certain case a new phase is formed in
this region, the interphase. Composite materials are used in structural applications
where the strength to weight ratio is important. Therefore during their working life,
this materials have to withstand severe static loads as well as high velocity events,
such as vibration and impact.
The structure of the material under investigation is further complicated by the
typical laminated composition of composite materials, as can be seen in Figures 1.3
and 1.4.
FIBRE:
• Carbon
• Glass
• Polymeric materials
• Metallic materials
• Caramic materials
• Natural fibres
MATRIX:
• Polymeric materials:
• Thermosetting
• Thermoplastic
• Glass
• Metallic materials
LAMINA:
• Unidirectional
• Fabric
• Mat
Figure 1.3: Typical ﬁbre reinforced composite materials composition, as in [3]
The reinforcement ﬁbres, usually bundled together with a speciﬁed twisting, have
cylindrical shape, with a negligible cross section compared to the length. The ﬁbres
are generally organised in sheets of parallel ﬁbres put side by side or weaved in fabric,
known as lamina or ply. The bulk material is obtained by stacking a sequence of
these laminae, often with diﬀerent relative angle of the ﬁbres, and connecting the
ﬁbres with the polymeric matrix, as shown in Figure 1.4.
3LAMINAE LAMINATE
Figure 1.4: Composite material laminate, as in [3]
The reasons for the substantial multi scale nature of polymeric composite mater-
ials are as follows:
1. The layered structure can be treated as a bulk material, known as the laminate.
Its mechanical properties are calculated by Classical Laminate Theory, [3]
and the behaviour of the individual plies homogenised into a single material
response.
2. In a more detailed approach, composite materials can be considered as a se-
quence of stacked layers or plies, known as laminae. Besides the overall beha-
viour of the bulk structure, the behaviour of a single layer can be taken into
account; this is typical in composite failure analysis where criteria such as ﬁrst
ply failure or last ply failure are used. It is also relevant to account for the
interaction between each ply that can signiﬁcantly modify the characteristics
of the material, i.e. the inter-laminar properties of the materials, [3].
3. Each ply, or lamina, is composed of two diﬀerent phases, as shown in Figure
1.3, with considerably diﬀerent mechanical characteristics:
a) The ﬁbres with elasto-brittle behaviour.
b) The polymeric matrix with visco-elastic behaviour
The extensive application of composite materials started in the second half of the
previous century and is relatively new in engineering. Their characteristic behaviour
under static load can be said to be reasonably well understood; a deeper knowledge
about their behaviour under high strain rate and fatigue load is required. It is
4evident, from the available literature on the modelling of high strain rate response of
composite materials, that considerable eﬀorts have been made to model their fracture
behaviour, but, despite its importance, the high strain rate behaviour of composite
materials before the damage initiation has not been investigated in suﬃcient depth.
Moreover it is evident from the literature [4] [5] that there is a lack of reliable
high-strain rate experimental data to inform models of the strain rate dependent
behaviour of composite materials. Being able to correctly model this behaviour is
important for various reasons:
• The apparent Young’s modulus of the material is strongly dependent on the
strain rate, [6].
• The energy absorbed by a material while deforming is a key parameter in
fracture mechanics and can considerably vary with the strain rate.
• Often high load rate events, that do not produce a failure of the material at
ply scale, can induce another mode of failure, such as delamination, [7] and [8]
or micro-cracking. For these reason it is important to be able to estimate the
deformation of the material and its dependence on the loading rate.
• The failure stress is also function of the load rate.
1.2 Aim and Objectives
The PhD project is part of a larger investigation focused on a deeper understanding
of the behaviour of ﬁbre reinforced thermosetting polymeric materials subjected to
high strain rate events. The structure of the Damage Tolerance Project as devised
in September 2009 is shown in Figure 1.5.
5Figure 1.5: Damage Tolerance Project structure, September 2009
The aim of this project is to investigate the strain rate dependent behaviour of
ﬁbre reinforced thermosetting polymeric materials before damage initiation. An ex-
perimental methodology based on the usage of an Instron Very high speed (VHS)
machine, to load the material, and of full-ﬁeld optical strain measurement tech-
niques, using high speed imaging, is devised. The constitutive parameters are then
used to build and inform a phenomenological model able to describe the strain rate
dependence of the stiﬀness of FRP materials.
This aim is achieved by meeting the following speciﬁc objectives:
• Devise a sound testing procedure to load FRP materials at diﬀerent strain rate
and obtain strain informations over the whole specimen surface.
– The available technique for high strain rate testing on composite materials
will be analysed.
– An experimental set-up will be developed to load specimen to a nominal
strain rate up to 100 s-1.
– A methodology to collect images at high frame rate suitable to perform
full-ﬁeld optical strain measurement will be devised.
– Diﬀerent full-ﬁeld strain measurement techniques will be investigated.
Digital Image Correlation (DIC) and the Grid Method (GM) will be
compared with strain gauges measurements to evaluate their eﬀectiveness
in measuring the strain during high rate events.
6• Investigate and characterise the rate dependent behaviour of composite ma-
terials:
– The available literature about the strain rate dependent composite ma-
terial behaviour is studied and used to deﬁne a base line knowledge to
build upon.
– A suitable methodology to use the devised experimental procedure to
evaluate the shear modulus will be identiﬁed.
– An eﬃcient experimental procedure will be devised to simplify the test
procedures needed to study the strain rate dependent behaviour of lon-
gitudinal, transversal and shear moduli (E11, E22 and G12).
• The collected data will be used to inform a model of the strain rate dependent
behaviour of of E11, E22 and G12 in FRP materials.
This research seeks to prove the suitability of full-ﬁeld optical techniques to meas-
ure strain during high deformation speed events and investigate the strain rate de-
pendency of the material behaviour in the linear region of the stress-strain curve.
The work presented here is the ﬁrst step for more proﬁtable applications of full-ﬁeld
measurement techniques also at high speed. These non contact techniques allow the
investigation of non linear material deformations and failure mechanisms, overcom-
ing the limitations of contact techniques, such as strain gauges and extensometers.
If applied to specimens able to generate a non-homogeneous strain ﬁeld, [9], full-ﬁeld
measurement techniques coupled with the Virtual Fields Method (VFM), [10] allow
the reduction of the number of experiments needed to fully characterise the material
behaviour.
1.3 Novelty statement
The research described in the thesis is aimed at the development and validation
of a new experimental methodology to perform test at strain rates between 0.01
and 100 s-1. The approach combines the application of high rate load using a high
speed servo-hydraulic tensile test machine with high speed image capture so full-ﬁeld
optical strain measurement techniques can be utilised. High speed servo-hydraulic
tensile test machines, in contrast with the Split Hopkinson bar (SHB) widely used in
the analysed literature, allows the usage of standard dimensions specimens [11]. This
provides the opportunity to develop characterisation techniques used in quasi-static
testing to higher strain rates. The novelty of the new experimental methodology is
as follows:
7• The combined use of high speed imaging and full-ﬁeld measurement techniques
with high speed servo-hydraulic machine to achieve quantitative maps of dis-
placement, strain and strain rate over the whole specimen surface.
• The design of a specimen that allows to smoothly apply the load when per-
forming high speed tests.
• The deﬁnition of a loading system suitable to perform high speed tests and
the investigation of its impact on the experimental outputs.
Two optical full-ﬁeld strain measurement techniques are developed for high strain
rate measurements: DIC [12] and GM [13]. The novelty in the application of full-
ﬁeld strain measurement techniques are:
• The use of DIC and GM on the same specimen to directly compare the two
techniques.
• The use of full-ﬁeld measurement techniques in combination with a novel ma-
terial characterisation procedure to study the strain rate dependence of com-
posite material behaviour.
A novel experimental procedure, which uses oﬀ-axis tests on specimens with ob-
lique end-tabs is developed to study the strain rate dependence of longitudinal,
transverse and shear moduli in FRP materials. The novelty in this part of the work
is as follows:
• The deﬁnition of an experimental procedure to study the strain rate depend-
ence of constitutive moduli of FRP materials.
• The deﬁnition of a robust method to identify the elastic shear modulus G12
from the stress-strain curve.
• The use of a regression function to describe the strain rate dependent behaviour
of all the constitutive moduli of FRP materials.
1.4 Structure of the thesis
Chapter 2 deals with the applications of full-ﬁeld strain measurement techniques
to material characterisation: general considerations about image acquisition to per-
form optical measurement techniques are given in Section 2.2, the preparatory work,
conducted in the quasi-static range, to apply DIC and GM is described in Section
2.3 and 2.4.
8The development of a testing methodology to perform high speed tests is detailed
in Chapter 3. The chapter is opened, in Section 3.2, with an review of the experi-
mental work carried on to characterise the strain rate dependence of E11, E22 and
G12. Section 3.3 deals with deﬁnition of correct specimen loading condition, while
the integration of optical techniques to high speed testing is described in Section 3.4
Chapter 4 is dedicated to the validation of the devised experimental technique
trough the characterisation of the strain rate dependence of the Young’s modulus of
a Glass Fibre Reinforced Plastics (GFRP) material.
All the aspect related to the elaboration of a robust methodology to fully charac-
terise the strain rate dependence of of longitudinal, transverse and shear moduli in
a Carbon Fibre Reinforced Plastics (CFRP) materials are presented in Chapter 5.
92 Application of full-ﬁeld optical
measurement techniques to
material characterisation
2.1 Introduction
Over the last decade, the development and improvement of devices for capturing
electromagnetic radiation have made possible the development of sensors able to re-
cord images with higher quality, in a shorter time and at diﬀerent frequencies than
visible light. The availability of such images allowed the development of new meas-
urement methodologies for surface stresses and strains, e.g. Thermoelastic Stress
Analysis (TSA) [14], DIC [15] and the GM [13]. In their review of experimental
techniques for high rate deformation and shock studies, Field et al. [16] suggest the
use of optical techniques for full-ﬁeld strain measurement on non-standard materials
at high strain rate. The advantages of such techniques appear evident:
• There is no mechanical interaction between the measurand and the sensor:
– The observed system is not modiﬁed by the measurement process. The
only requirement is a correct preparation of the specimen surface to be
able to retrieve the desired information, stress or strain, from the images.
– The measurement process can continue up to the specimen failure, which
is not possible with contact measurement techniques. This is particularly
appealing in case of shock loading that, for example, might cause strain
gauges or extensometers to detach from the specimen.
• It is possible to obtain strain and displacement maps over the whole specimen
surface or large areas of it. This allows the capture of non homogeneous strain
ﬁelds and non uniform behaviour of the specimens.
Gr´ ediac describes the importance of full-ﬁeld methods for the modelling of com-
posite materials, [17] and [18]. Full-ﬁeld techniques enable the relaxation of the
restrictions on specimen dimension and loading conditions when performing mech-
anical characterisation tests on composite materials. In general, these tests require
11a homogeneous stress-strain ﬁeld in the material; this status is diﬃcult to achieve in
composite materials because of their anisotropy and their heterogeneity at diﬀerent
scales. Full-ﬁeld techniques provide information over the complete stress-strain ﬁeld
and allow the heterogeneities in the ﬁeld to be identiﬁed and accounted for in the
modelling stage. Full-ﬁeld strain data are also fundamental for material character-
isation with the VFM [10]. Furthermore, they signiﬁcantly reduce the number of
experiments and sensors needed to identify all the parameters required to character-
ise an anisotropic material, [19], [20] and [21]. Figure 2.1 reports the link between
the measurements and the modelling activities.
Figure 2.1: Link between full-ﬁeld measurement and modelling activities from [18]
It has to be remarked that the limitation of full-ﬁeld optical techniques lies in
the hardware: spatial and temporal resolution depend on the spatial sensitivity and
sampling rate of the imaging sensor. The constant improvement of such devices
increases the speed and decreases the scale of the strains that can be observed with
full-ﬁeld optical techniques.
12This chapter deals with the application of full-ﬁeld optical strain measurement
techniques to material characterisation. To acquire adequate images to perform
displacement and strain measurement some important factors has to be taken into
account. Furthermore both the techniques used during this research are aﬀected by
common issues that might cause error in the outputs:
• DIC requires a correct specimen surface preparation to produce a speckle pat-
tern that ensures the correlation to be correctly performed. DIC requires
dedicated software to be performed, in this research DaVis 8.1.4 is used. The
correct correlations parameters, i.e. subset and step size, have to be selected
when performing the correlation. It is also important to organise the experi-
mental apparatus in a way that allows to minimise the systemic noisiness.
• GM requires a suitable grid pitch selection and its correct deposition on the
specimen. Furthermore the experimental set-up requires precise alignment and
magniﬁcation to be able to acquire images suitable to perform displacement
and strain calculation. A code suitable to extract data for material character-
isation from uniform strain ﬁelds, based on the GM processing code provided
by Professor Pierron, has been developed and veriﬁed.
2.2 Image acquisition
2.2.1 Image acquisition equipment
Cameras
The various model of cameras used in this project are listed in Table 2.1 along with
their characteristics. An explanation of the two diﬀerent types of imaging sensors,
Charge Coupled Device (CCD) and Complementary Metal Oxide Semiconductor
(CMOS), and their relevance for image acquisition at high speed will be given in
Section 3.4.1.
The AVT Manta cameras where used to deﬁne the measurement procedures for
DIC and GM and to perform all the quasi-static experiments of this research. Red-
lake Motion Pro camera was used in the early stage of this project to deﬁne the
experimental procedure on Instron VHS. The Photon cameras were provided by the
EPSRC Instrument Pool, Airbus and DSTL. It was also possible to use pairs of Pho-
tron SA1, SA3 and SA5 for stereo imaging. These cameras were used, accordingly
to their suitability and availability, to perform the validation experiments described
in Chapter 4 and the material characterisation experiments of Chapter 5.
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14Illumination
During this research diﬀerent types of illumination systems were used:
• Halogen lamps This kind of spotlight consists of a 1250 W halogen lamp, the
light is also equipped with a cooling fan.
• Fiber optic illuminator This illumination system consists of a light bulb that
is placed in an enclosed box, usually cooled by a fan, and has one or more
diﬀusers connected to it via optical ﬁbres. Two diﬀerent systems are used:
• Fiber-Lite PL-900 ﬁbre optic illuminator manufactured by Dolan-Jenner
Industries equipped with a 150 W Quartz halogen light and two 1.5 ×110
mm rectangular diﬀuser
• KL 1500 ﬁbre optic illuminator manufactured by Schott equipped with a
150 W Quartz halogen light and two 5 mm diameter round diﬀuser.
• LED light An illumination system was built using 8 Osram Opto Semiconduct-
ors Oslon SSL high brightness and luminance LED and Tina-Pin-OSL Real
Spot lenses. This system became available in a late stage of the project.
Issues concerning the specimen illumination and their eﬀect on the strain measure-
ment are discussed in Section 2.3.4 and 3.4.4.
2.2.2 Image acquisition for full-ﬁeld optical techniques
When setting-up an imaging apparatus for full-ﬁeld optical stain measurement tech-
niques the following practical considerations have to be taken into account:
• Focusing The whole specimen surface should be properly imaged and focused.
In order to correctly focus the camera, high lens aperture is used, allowing
shallow Depth of ﬁeld (DOF). The camera focus is adjusted to produce a sharp
image. Finally the aperture is regulated to obtain an unsaturated image.
• Gray scale distribution It must be guaranteed that the image is acquired with
a grey scale distribution suitable to perform the image correlation, i.e. the dy-
namic range of the camera has to be exploited at its best. In the ﬁrst instance
the saturation of the sensor dynamic range must be avoided. Furthermore the
grey level distribution should be maximised over the dynamic range of the
imaging sensor. To obtain a suitable grey scale distribution it is necessary to
regulate the amount of light that is captured by the imaging sensor acting on
the lens aperture diameter and on the shutter speed. For example the pixel
count over the grey level for a dark, a saturated and a correct image are shown
in Figure 2.2.
15Figure 2.2: Pixel count over greyscale level
• Depth of ﬁeld The depth of ﬁeld is the distance between the farthest and closest
object that appear acceptably sharp in an image. There are two reasons to
maximise the DOF:
• 2D techniques: the specimen may move out of plane during the test,
therefore it is necessary to guarantee that the specimen surface stays in
focus for post-processing of the images and obtain the displacement and
strain ﬁelds.
• Stereo imaging: the lens axis is not perpendicular to the specimen surface,
as the cameras are placed at an angle. Therefore it is necessary that the
DOF covers the whole specimen surface.
When setting-up the imaging apparatus the main parameter that inﬂuences
the DOF is the lens aperture diameter: reducing it will increase the DOF. At
the same time, however, this also reduces the amount of light that is captured
by the imaging sensor. Other ways to increase the DOF are reducing the focal
length or increasing the stand-oﬀ distance. An example of the eﬀect of the
aperture diameter on the DOF is shown in Figure 2.3: a DIC target is imaged
at an angle suitable for Stereo DIC image acquisition.
16Figure 2.3: Diﬀerent depth of ﬁeld obtained with diﬀerent aperture diameter:
a) f/1.8;
b) f/22
• Shutter speed The exposure time, or shutter speed, is the length of time an
optical sensor takes in capturing the image. The maximum achievable exposure
time is the inverse of the frame rate. It determines how sharp or blur free an
image is. Particularly for the high speed imaging it is important to maximise
the shutter speed to reduce the blurriness of the image. Reducing the exposure
time also reduces the amount of light that is captured by the imaging sensor.
An example of the eﬀect of the shutter speed on the image blurriness is shown
in Figure 2.4 of a DIC target rotating at 750 rpm imaged at 50 frame per
second.
Figure 2.4: Example of images taken with diﬀerent shutter speed:
a) Exposure time = 10 µs;
b) Exposure time = 1 ms
• Illumination To obtain an image suitable to perform the full-ﬁeld optical strain
measurement technique the ideal solution is to minimise both the lens aper-
ture diameter and the exposure time. This, however, reduces the number of
photons that impinge on the sensors. It is therefore necessary to maximise
the light intensity. To guarantee correct imaging it is necessary to set-up the
17light source to uniformly illuminate the specimen surface avoiding shadows.
The usage of incandescent type lamps to illuminate the target might lead to
distortion of the recorded images caused by convection waves. Moreover the
target might be heated by radiation and behave diﬀerently than at room tem-
perature. Furthermore specular reﬂections of the light on the specimen surface
might cause biased images to be acquired. These problems can be mitigated
if cold light sources are used. The issues regarding the specimen illumination
are discussed in detail below in Section 2.3.4 and 3.4.4.
• Resolution / Frame rate In high speed cameras, reducing the sensor resolution,
i.e. reducing the number of active sensors in the sensing array, allows recording
at an higher frame rate. Particularly for high speed testing, it is necessary to
obtain an ideal compromise between the two values. On one side it is necessary
to record the images with a frame rate suitable to collect a suﬃcient number of
data point to obtain a meaningful stress-strain curve. On the other side images
with a number of pixels useful to perform the full-ﬁeld strain measurement
optical techniques must be acquired.
2.3 Digital image correlation
2.3.1 Theoretical background
DIC is a full-ﬁeld, non interferometric optical technique able to provide displacement
and strain over a surface. A typical DIC experimental set-up comprises one or two
high resolution cameras, an interface that triggers the cameras and connects them
to a computer used to control the measurements and process the images. If a single
camera is used DIC will give two dimensional displacement and strain ﬁelds, this
technique is called 2D DIC. When two cameras are used in stereo vision, capturing
pairs of images of the specimen, DIC gives a three dimensional displacement ﬁeld,
this technique is called Stereo DIC. An overview of the correlation methodology is
presented in Figure 2.5.
Figure 2.5: Schematic of DIC process, from [22]
18DIC measurements are performed following these steps:
1. Specimen preparation. The specimen surface has to be prepared with a stochastic
speckle pattern, typically with an aerosol spray paint, ensuring good adhesion
with the specimen’s surface. For the correct functioning of the correlation
algorithm a random grey level distribution is necessary.
2. Set-up of the image recording system. This has to be done ensuring that:
• The imaging sensor and the speckle pattern must remain parallel to each
other during the whole test time.
• An adequate illumination must be provided, particularly with high frame
rate cameras.
• For 2D DIC geometric distortion in the imaging system, caused by camera
misalignment and lens distortion must be minimised, as explained in
Section 2.5.
3. Record calibration and reference images:
• For Stereo DIC calibration images of a calibration object, with a carefully
machined and dotted surface, are needed to associate a dimension to the
pixel size and to identify the relative position between the cameras and
the specimen.
• For 2D DIC it is necessary to take a picture with a dimensional reference
to scale the images.
• The reference picture, n0, is the speckle distribution on the unloaded
specimen.
4. Record images of the specimens while the load is applied: sampling frequency
and area of interest are dependent on the experiment goal.
5. Image processing with a computer program to evaluate displacement and strain
ﬁeld. The program can work with a commercial or an in house software. The
procedure can be summarised as follows:
a) The recoded images are subdivided into an array of interrogation cells, or
subsets, that provide the full-ﬁeld data map over the specimen surface.
Considering subsets that include a higher number of pixels, and therefore
of speckles, will increase the measurement accuracy but will reduce the
spatial resolution of the measurement.
b) The grey level distribution of the speckle pattern in each subset of the
deformed image n is compared with the one of the reference image n0.
19A correlation function value is generated, from the grey levels, for each
subset to determine the matching between the deformed and the reference
subset. Among the various correlation criteria it is worth mentioning
the Cross Correlation, Equation 2.1 and the Sum of Squared Diﬀerence
criteria, Equation 2.2.
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where f(x,y) and g(x0,y0) are the intensity or the grey scale of a pixel in
the reference image and in the deformed image respectively.
c) The morphological changes of the deformed subset are identiﬁed using a
shape function. Shape functions can be of various order, from the zero-
order, that considers a rigid translation of the subset, to second or higher
order that consider complex subset deformations.
d) To increase DIC measurement accuracy with sub-pixel measurement of
the correlation function, interpolation functions are used. Diﬀerent in-
terpolations methods can be used, Schreier et. al [23], after conduct-
ing a numerical study of displacement and strain obtained with diﬀerent
speckle patterns and sub-pixel interpolation methods, recommend cubic
and cubic B-spline interpolation over linear and quadratic B-spline inter-
polation. Furthermore sub-pixel displacement accuracy can be achieved
using coarse-ﬁne searching [24], peak-ﬁnding [25], Newton-Rapson [26],
Levemberg-Marquardt [23] etc.
A good review of the DIC methodology and principles can be found in the pa-
per by Pan et al. [12], while a full description of image correlation application for
shape, motion and deformation measurements with theoretical background and ex-
perimental application is illustrated in the book from Sutton et al. [15].
2.3.2 Specimen surface preparation for DIC
To correctly perform DIC the specimen surface has to be prepared with a random
speckle pattern as explained in Section 2.3.1. The specimens were painted using
spray paint from RS components:
1. A uniform white background is painted on the specimen surface;
202. Black speckles were sprayed over the white background exploiting the nebulisa-
tion eﬀect of the spray can nozzle.
This techniques allowed a random black speckle pattern over a white surface to be
obtained, as the one shown in Figure 2.6, with the right characteristics to perform
DIC. It must be remarked here that similar results could have been obtained using
white speckle pattern on a black background. A white background was chosen
because it is believed to be helpful in high speed imaging, where the exposure time
is short. Compared to a black background, a white one generates a brighter surface
to be imaged, that reﬂects a higher number of photons towards the imaging sensor.
Figure 2.6: Random Speckle Pattern painted over a GFRP specimen
The targets to achieve when preparing a specimen surface for DIC are:
• Uniform speckle size;
• Uniformity in the speckle distribution.
In general the speckle size is dependent on the measurement purpose. A small
speckle is desirable when imaging areas where strain concentration and high-order
strain gradients are expected. When pure translation or uniform strains are expected
larger speckle can be acceptable. A study about the average speckle size was carried
out by Hung and Voloshin [27] who found that the ideal average size of the speckle
in pixels is dependent on the average strain that has to be measured and its nature.
Haddadi and Belhabib [28] demonstrated with rigid body motion tests that a small
random pattern with a high number of speckles performs better than a coarser
dotted pattern.
2.3.3 Eﬀect of the software correlation parameters on
measurement resolution
The accuracy of DIC measurements depends on the correlation parameters: the
shape function [29], the sub-pixel interpolation function [23] and subset size [30].
The DaVis 8.1.4 software from LaVision was used to perform DIC. This software
21uses a least squares matching correlation function, a ﬁrst order shape function and
a sixth order spline interpolation function for the sub-pixel accuracy. Ultimately
the user has the possibility to customise the following parameters to perform the
correlation:
• Subset size: the size, in pixels, of the interrogation cells over witch the image
correlation is performed;
• Step size: the distance, in pixel, between the centre of the interrogation cells;
In general modifying the correlation parameters, i.e. subset and step size, to im-
prove the spatial resolution leads to an increase in the noise level [31]. Using a larger
subset size increases the strain measurement precision because there are more fea-
tures, i.e. speckles, to track within each cell, but it also lowers the spatial resolution.
Similarly reducing the step size increases the spatial resolution but also the noise
level. To demonstrate the eﬀects of subset and step size on the strain resolution a
correlation has been run on a sequence of steady images of a target prepared with
black speckles over a white background. Figure 2.7 shows the results for the set
of images acquired using a AVT Manta CCD based camera, while Figure 2.8 for
a Photron SA3 CMOS based camera. The resolution is calculated as the standard
deviation of the strain data, as will be explained in Section 2.5, to have a ﬁrst eval-
uation of the strain resolution. It has to be remarked that the analysis of strain in
the x and the y direction produced similar results. The step size is here expressed
as percentage of the considered subset size.
Figure 2.7: Strain resolution as function of subset and step size in a CCD sensor
22Figure 2.8: Strain resolution as function of subset and step size in a CMOS sensor
It can be observed that using a small subset size increases the noisiness of the
data. This is due to the fact that the subset size is comparable with the speckle
size, compromising the quality of the correlation, and by statistical eﬀects caused by
a higher number of data points. The software developer suggests to use a subset size
that includes at least three features. Increasing the subset size leads to a reduction
in the noisiness and improves the strain resolution. The beneﬁt of increasing the
subset size become negligible after a certain limit. The usage of large subset size
is therefore not beneﬁcial because it reduces the number of data points available
for the data post process. It is therefore necessary to ﬁnd a compromise between
spatial resolution and error. The CCD sensor, with a higher number of pixels and a
smaller pixel size, allows to obtain a signiﬁcantly higher number of data points over
the same area than the CMOS. The higher resolution of the CMOS based camera
can be explained by the bigger physical size of the pixel detector. A way to increase
the number of data points without signiﬁcantly aﬀect the resolution is to reduce the
step size.
2.3.4 DIC measurement procedure deﬁnition
A series of preliminary tests were run to evaluate the resolution of the data ac-
quisition system for quasi-static characterisation tests and deﬁne the ideal data
acquisition procedure. The set-up information obtained in the quasi-static tests will
also be applied to high speed tests in Section 3.4. In this set of preparatory tests
a specimen made of MTM58FRB/HS(24K)-450-38%RW (Umeco) CFRP pre-preg
material stacked in a unidirectional lay-up was used. The nominal width of the
23specimen was 25 mm and the thickness 1.5 mm. The surface of the specimen was
prepared with a black speckle pattern over a white background on both sides of
the gauge length. The test were run on a Series 5560, servo-electric, dual column,
Instron test machine at a cross-head displacement speed of 0.1 mm/s. The image
acquisition was done using four Manta G-504 cameras controlled with a LabView
code. The code was designed to simultaneously acquire four images and two voltage
signals from a National Instrument USB-6009 data acquisition device. One channel
was used to record the force signal out of the load cell and the other the cross-head
displacement. The code was tested with a chronometer and it is proven to have an
accuracy of 1 ms with a maximum sampling frequency of 1.3 frame per second.
Image and data acquisition
The ﬁrst step is to assess if the four cameras have the same characteristic regarding
the noise level and obtainable strain resolution. 2D DIC is performed at the same
time on the front and back of the specimen. The specimen is illuminated using two
Schott KL 1500 ﬁbre optic illuminators, each one equipped with two light diﬀusers.
The ﬁbre optic illuminators ensure that the specimen surface is not heated, the
devices are placed in a position that ensures that no heat waves are distorting the
acquired images. A schematic of the experimental set-up is shown in Figure 2.9.
Figure 2.9: Schematic of the experimental set-up for 2D DIC
The characteristics of the measurements performed on the front and the back of
the specimen are reported in Tables 2.2 and 2.3.
24Table 2.2: Imaging characteristics for 2D DIC on the front of the specimen for individual
cameras evaluation
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera AVT Manta G-504
Lens Sigma 105 mm f/2.8
Resolution 2452 x 2056 pixels
Field of view 92.5 x 77.6 mm
Frame rate 0.2 Hz
Imaging distance ' 1200 mm
Spatial Resolution 0.377 mm
Table 2.3: Imaging characteristics for 2D DIC on the back of the specimen for individual
cameras evaluation
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera AVT Manta G-504
Lens Sigma 105 mm f/2.8
Resolution 2452 x 2056 pixels
Field of view 114.1 x 95.7 mm
Frame rate 0.2 Hz
Imaging distance ' 1500 mm
Spatial Resolution 0.465 mm
The spatial resolution is the distance between two data points, i.e. the step size.
The resolutions for displacement and strain, calculated as standard deviation of the
displacement and the strain ﬁelds obtained performing the correlation of two images
of the unloaded specimen, are shown in Table 2.4.
Table 2.4: Measurement resolution
Front Back
Displacement Strain Displacement Strain
[pixels] [me] [pixels] [me]
Camera 1 0.017 0.40 0.013 0.40
Camera 2 0.015 0.34 0.008 0.34
Camera 3 0.016 0.42 0.010 0.37
Camera 4 0.016 0.36 0.007 0.30
Typical strain maps used to evaluate the noise levels for the 2D DIC performed
on the front and on the back of the specimen are shown in Figures 2.10 and 2.11.
25Figure 2.10: Strain map used to evaluate the noise level of 2D DIC on the front of the
specimen
Figure 2.11: Strain map used to evaluate the noise level of 2D DIC on the back of the
specimen
The Stress-Strain curves obtained from the 2D DIC with all the cameras used on
the front and back of the specimen are shown in Figures 2.12 and 2.13.
26Figure 2.12: Stress-Strain curve from the front of the specimen obtained with 2D DIC
Figure 2.13: Stress-Strain curve from the back of the specimen obtained with 2D DIC
The obtained Young’s Moduli are summarised in Table 2.5, along with the Coef-
ﬁcient of variation (CV).
27Table 2.5: Young’s Moduli in GPa from 2D DIC for cameras evaluation
Front Back
Camera 1 122.5 124.0
Camera 2 123.6 123.1
Camera 3 123.4 123.5
Camera 4 122.5 123.5
Average 123.00 123.53
CV [%] 0.47 0.30
Average 123.26
CV [%] 0.43
From the evaluation of the single cameras performed by conducting tensile tests
on unidirectional carbon-epoxy specimens, and measuring the strain with 2D DIC
it can be concluded that the cameras have the same or very similar performance,
giving Young’s moduli with a CV lower than 1%. The tests are run keeping the same
boundary conditions. The noise levels of displacement and strain are substantially
the same, i.e. in the same order of magnitude, for all the cameras from the correlation
performed on the front and on the back of the specimen, as shown in Table 2.4.
Specimen illumination
The cameras are then tested to evaluate their performances when used to acquire
images for Stereo DIC. The cameras are rotated around the specimen testing various
combinations, as shown in Table 2.6.
Table 2.6: Positions of the cameras in the tested conﬁgurations for stereo DIC evaluation
Cameras
Camera 1 Camera 2 Camera 3 Camera 4
Combination 1 Front Right Back Left Back Right Front Left
Combination 2 Back Right Back Left Front Right Front Left
Combination 3 Back Right Front Right Back Left Front Left
Combination 4 Back Right Front Right Front Left Back Left
Combination 5 Front Left Front Right Back Right Back Left
Combination 6 Front Left Back Right Front Right Back Left
The camera combinations are chosen ensuring that each camera and all the pos-
sible couples of cameras are viewing at least once the front and the back of the
specimen. Placing the same combination of cameras on the same side of the spe-
cimen just swapping their position is considered redundant. A schematic of the
experimental set-up is shown in Figure 2.14. At this stage the light source is still
provided by two Schott KL 1500 ﬁbre optic illuminators, as for the 2D DIC tests.
28Figure 2.14: Schematic of the experimental set-up for Stereo DIC with Schott KL 1500
ﬁbre optic illuminator
The characteristics of the measurements performed on the front and the back of
the specimen are reported in Tables 2.7 and 2.8.
Table 2.7: Imaging characteristics for Stereo DIC on the front of the specimen
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera AVT Manta G-504
Lens AF NIKKOR 50 mm
Resolution 2452 x 2056 pixels
Field of view 110 x 95 mm
Frame rate 1 Hz
Spatial Resolution 0.435 mm
Table 2.8: Imaging characteristics for Stereo DIC on the back of the specimen
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera AVT Manta G-504
Lens AF NIKKOR 50 mm
Resolution 2452 x 2056 pixels
Field of view 105 x 93.5 mm
Frame rate 1 Hz
Spatial Resolution 0.444 mm
The Root mean square (RMS) of the ﬁt, an indicator of the quality of the calibra-
tion, are summarised in Table 2.9. The RMS of the ﬁt is automatically calculated by
29the DaVis software when generating the calibration ﬁle, and represents the accuracy
in the calculation of the relative position between the two cameras and the target.
The software manufacture recommend a value lower than 0.5 pixel to be obtained
to classify the calibration as accurate
Table 2.9: RMS of the ﬁt in pixel
Front Back
Combination 1 0.397 0.296
Combination 2 0.294 0.380
Combination 3 0.297 0.348
Combination 4 0.299 0.267
Combination 5 0.386 0.303
Combination 6 0.329 0.300
It can be observed that all the tested conﬁgurations present a RMS of the ﬁt of
the same order of magnitude and therefore their results can be compared to assess
the quality of the evaluated strain results.
The displacement and strain resolution are summarised in Table 2.10.
Table 2.10: Resolution for the diﬀerent cameras conﬁgurations
Front Back
Displacement Strain Displacement Strain
[pixels] [me] [pixels] [me]
Combination 1 0.125 0.35 0.014 0.172
Combination 2 0.071 0.13 0.019 0.065
Combination 3 0.046 0.12 0.024 0.073
Combination 4 0.046 0.16 0.012 0.073
Combination 5 0.073 0.14 0.023 0.068
Combination 6 0.025 0.11 0.022 0.054
The mismatch in the displacement and strain resolution between the various com-
bination is attributable to the to the chosen illumination approach, that causes
biased images to be acquired. Typical strain maps used to evaluate the noise levels
for the Stereo DIC performed on the front and on the back of the specimen are
shown in Figures 2.15 and 2.16.
30Figure 2.15: Strain map used to evaluate the noise level for Stereo DIC on the front of
the specimen
Figure 2.16: Strain map used to evaluate the noise level for Stereo DIC on the back of
the specimen
Observing both ﬁgures it is evident the strain maps do not have the form of a
white noise: regions of positive and negative strains can be identiﬁed.
The Stress-Strain curves obtained from the Stereo DIC for all cameras combina-
tion are shown in Figures 2.17 and 2.18.
31Figure 2.17: Stress-Strain curve from the front of the specimen obtained with Stereo DIC
Figure 2.18: Stress-Strain curve from the back of the specimen obtained with Stereo DIC
The obtained Young’s Moduli are summarised in Table 2.11.
32Table 2.11: Young’s Moduli in GPa from Stereo DIC for cameras evaluation
Front Back
Combination 1 123.3 122.5
Combination 2 123.4 123.4
Combination 3 124.3 123.7
Combination 4 123.4 123.7
Combination 5 123.3 123.3
Combination 6 124.1 124.1
Average 123.63 123.45
CV [%] 0.36 0.44
Average 123.54
CV [%] 0.39
Observing the Stress-Strain curves shown in Figures 2.17 and 2.18 it is clear that,
even if the the Young’s Moduli summarised in Table 2.11 are in agreement with the
values obtained from the 2D DIC, the curves are aﬀected by a high level of noisiness.
It is believed that the noisiness of the strain data is caused by specular reﬂection
on the specimen surface of the light from the illuminator light source to the camera
CCD sensor. Furthermore the light used to illuminate the front of the specimen
directly hit the CCD sensor of the camera imaging the back of the specimen. It is
therefore necessary to modify the experimental set-up to reduce the noisiness of the
strain data caused by the illumination of the specimen.
It can be concluded that the diﬀerent conﬁgurations give the moduli results, with
a low CV, the cameras can therefore be used with conﬁdence in any position of the
front and back Stereo DIC imaging acquisition set-up. The quality of the data and
the noisiness can be reduced modifying the specimen illumination.
Finalisation of the imaging techniques for two sided Stereo DIC
To conﬁrm that the noisiness of the data can be reduced, a new experimental set-up,
shown in Figure 2.19, was used.
33Figure 2.19: Schematic of the experimental set-up for Stereo DIC with single light
source, light screens are placed on the side of the specimen.
This conﬁguration allows the reduction of specular reﬂection of the light to the
CCD sensors on the cameras. The light source is an incandescence spot light but the
distance from the specimen, about 2000 mm, is great enough to avoid heating the
specimens. Positioning the light behind the cameras, ensures that no heat waves are
interfering with the imaging process creating distortion of the images. Furthermore
a screen has been placed on the sides of the specimens to avoid direct light to hit
the imaging sensors.
At this stage diﬀerent combinations of shutter speed and lens aperture are tested,
as summarised in Table 2.12.
Table 2.12: Diﬀerent imaging conﬁguration for ﬁnalisation of the Stereo DIC set-up
Aperture Shutter time
f-ratio µs
Conﬁguration 1 f/4 1750
Conﬁguration 2 f/8 7500
Conﬁguration 3 f/16 25000
Conﬁguration 4 f/22 75000
The characteristics of the measurements performed on the front and the back of
the specimen are reported in Tables 2.13 and 2.14.
34Table 2.13: Imaging characteristics for Stereo DIC on the front of the specimen for
methodology ﬁnalisation
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera AVT Manta G-504
Lens AF NIKKOR 50 mm
Resolution 2452 x 2056 pixels
Field of view 95 x 78 mm
Frame rate 0.2 Hz
Spatial Resolution 0.384 mm
Table 2.14: Imaging characteristics for Stereo DIC on the back of the specimen for
methodology ﬁnalisation
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera AVT Manta G-504
Lens AF NIKKOR 50 mm
Resolution 2452 x 2056 pixels
Field of view 98 x 80 mm
Frame rate 0.2 Hz
Spatial Resolution 0.387 mm
The displacement and strain resolution are summarised in Table 2.15.
Table 2.15: Resolution for the diﬀerent imaging combinations
Front Back
Displacement Strain Displacement Strain
[pixels] [me] [pixels] [me]
Conﬁguration 1 0.005 0.11 0.023 0.37
Conﬁguration 2 0.005 0.19 0.026 0.29
Conﬁguration 3 0.008 0.27 0.010 0.29
Conﬁguration 4 0.009 0.14 0.021 0.22
Typical strain maps used to evaluate the noise levels for the Stereo DIC performed
on the front and on the back of the specimen are shown in Figures 2.20 and 2.21.
35Figure 2.20: Strain map used to evaluate the noise level for Stereo DIC on the front of
the specimen
Figure 2.21: Strain map used to evaluate the noise level for Stereo DIC on the back of
the specimen
In Figures 2.20 and 2.21 the strain noisiness is distributed as white noise. This
means that the illumination of the specimen is not aﬀecting the image acquisition.
The Stress-Strain curves obtained from the Stereo DIC for all cameras combina-
tion are shown in Figures 2.22 and 2.23.
36Figure 2.22: Stress-Strain curve from the front of the specimen obtained with Stereo DIC
Figure 2.23: Stress-Strain curve from the back of the specimen obtained with Stereo DIC
The obtained Young’s Moduli are summarised in Table 2.16.
37Table 2.16: Young’s Moduli in GPa from Stereo DIC for evaluation of the new
illumination set-up
Front Back
Conﬁguration 1 123.8 123.6
Conﬁguration 2 123.1 123.7
Conﬁguration 3 122.9 124.0
Conﬁguration 4 122.3 124.1
Observing the measurement resolution, the strain maps and the stress strain
curves it can be concluded that this experimental set-up reduces the image bias
and consequently the noisiness of the data, especially as much as regards the stress-
strain curves. Furthermore for quasi-static tests the lens aperture and and shutter
speed do not have a high impact on the data nosiness. Once a DOF suitable to
perform Stereo DIC is achieved, aperture and shutter speed can be regulated to
achieve the ideal grey scale distribution. Moreover the slow deformation speed do
not causes blurriness in the images.
Conclusions
This series of experiments tested the imaging acquisition system to perform DIC on
the front and the back of the specimen. The positioning of the illumination device
that allows to minimise the image bias and the data noisiness have been identiﬁed.
This light positioning will be also used to perform the high speed tests, as explained
in Section 3.4.4.
2.4 Grid Method
2.4.1 Theoretical background
.
Another full-ﬁeld, non interferometric, optical technique able to provide displace-
ment and strain ﬁelds is the Grid Method GM. Avril et al. in [13] provided a
description of the method besides some examples of its application on composite
materials. Badulescu et al. studied the application of the GM to calculate the one
and two dimensional strain ﬁelds in a translation and in a tensile test, [32] and [33].
In general, the experimental procedure to perform the GM is similar to the one used
for DIC. The only diﬀerence lies in the way the images are compared and therefore
on how the specimen surface is prepared. If the strain is only to be measured in one
direction then a series of black and white parallel lines are used, whereas if the strain
38is measured in two perpendicular directions then a grid is deposited on the specimen
surface. The grid deposition process is described by Piro and Gr´ ediac in [34] and
reported below. In the GM, the displacement and strain information are carried by
the light intensity reﬂected by the grid applied to the specimen and recorded by the
CCD sensor. The light intensity can be written as:
I(x,y) =
A
2
[2 + ΓF(2πfx + Φx) + ΓF(2πfy + Φy)] (2.3)
where A is the amplitude, Γ is the contrast, F is a 2π periodic function, f is the
frequency of the carrier deﬁned by the inverse of its pitch p, and Φx and Φy are the
carrier phase modulation along the x and the y axis.
The displacements, u and v, can be deﬁned from the phase variation as:
u = −
p
2π
∆Φx
v = −
p
2π
∆Φy
(2.4)
where ∆Φx and ∆Φy are the phase variation between ﬁnal and initial images along
x and y direction.
The strain can be evaluated as:
xx = −
p
2π
∂∆Φx
∂x
yy = −
p
2π
∂∆Φy
∂y
xy = −
p
4π
(
∂∆Φx
∂y
+
∂∆Φy
∂x
)
(2.5)
To achieve high quality measurement it is important that the grid is accurately
aligned with specimen and without any bonding defects. Furthermore, to acquire
images suitable to perform the GM, it is necessary that the CCD array and the grid
are perfectly aligned and that each grid period is sampled by an integer number of
pixels. If correctly performed the GM allows the measurement of displacement of
the order of 0.5 µm [35].
2.4.2 Specimen surface preparation for GM
To correctly perform the GM the specimen surface has to be prepared with a regular
grid as explained in Section 2.4.1. The grid is transferred to the specimen surface
from an acetate backing paper which is printed using an industrial plotter with 6000
dpi resolution. To transfer the grid on to the specimen surface the procedure devised
by Piro [34] was followed:
391. The surface of the specimen is gently abraded to promote the bonding;
2. The specimen surface and the grid are cleaned using ethanol or isopropanol;
3. A thin layer of white epoxy adhesive, such as E504 form Epotecny, is spread
over the specimen surface;
4. The grid, printed on the backing ﬁlm is then bonded to the specimen;
5. The epoxy resin is cured for at least 35 hours at a temperature of 40◦ ;
6. The backing ﬁlm is peeled of the specimen surface leaving the grid bonded to
epoxy resin and therefore the specimen surface.
To obtain a complete and high quality grid transfer it is advisable to remove any
air bubbles trapped inside the epoxy resin and to ensure a perfect adhesion of the
backing ﬁlm to the resin. This was achieved in this research using a degassing
chamber. Figure 2.24 shows a grid deposed over a GFRP specimen, it is possible to
observe some imperfections caused by an incomplete grid transfer.
Figure 2.24: Image of the grid deposed over a GFRP specimen:
imperfections in the grid transfer are shown.
2.4.3 Grid pitch selection
The grid pitch selection it is dependent on camera resolution and specimen size.
Knowing the camera resolution and considering that a suitable number of pixels to
sample a grid period is between 5 and 7, it is possible to calculate the number of
periods that the sensor is able to sample,
Sampled Periods =
Camera Resolution
Pixel per Period
(2.6)
the grid pitch can then be determined as
Grid pitch =
Specimen Size
Sampled Periods
(2.7)
40It is possible to increase the measurement resolution by increasing the number of
pixel per period, this also reduces the spatial resolution and the ﬁeld of view.
2.4.4 Imaging set-up for GM
With the procedure described in Section 2.4.2 a shiny surface is obtained: it is
particularly important to take into account the considerations done in Section 2.3.4
to avoid specular reﬂections that would aﬀect the results. Furthermore to correctly
perform the GM two fundamentals conditions have to be respected:
• Sensor array and grid alignment The sensor array on the camera must be per-
fectly aligned with the grid on the specimen. To achieve this it is convenient
to use a tripod with a precisely adjustable head and even better if controlled
with micrometers. This allows camera rotation and by observing the captured
images it is possible to verify when the sensor array is aligned with the grid,
as shown in Figure 2.25 a).
• Grid sampling Each grid period has to be sampled by an integer number of
pixels. To achieve this it is possible to use a linear stage, if a prime lens is
used, or a zoom lens. To verify if the correct grid sampling is achieved the
images can be processed with MATLAB. The image has to be acquired as an
array, and then re-visualised considering a single pixel for every period. If the
image appears uniformly coloured each grid period is sampled by an exact and
integer number of pixels, as shown in Figure 2.25 b).
Figure 2.25: GM set-up:
a) Acquired image, the grid is aligned with the sensor array
b) Under-sampled image, the uniform colour indicates a correct grid sampling
412.4.5 Grid Method code development
No commercial software is available to perform the GM, therefore a MATLAB code
was developed for this purpose starting from the code provided by Professor Pierron
for the Experimental Mechanics course at the University of Southampton [36]. As
described in Section 2.4.1 the GM relies on the analysis of the changes of phase in
light intensity between consecutive images to extrapolate the strain. The code that
was developed works in the following way:
1. The phase of the light is calculated using a discrete Fourier transformation
algorithm, developed by Professor Pierron. To avoid phase wrapping the phase
change is calculated between consecutive images and not relative to a reference
image. This process is known as temporal phase unwrapping.
2. The data are then processed performing a spatial phase unwrapping. It is
possible to choose along which axes to perform the unwrapping ﬁrst.
3. The data close to the grid edges cannot be used so they are discarded.
4. The displacement is calculated using the sensitivity, as in Equation 2.4, and
the strain are extrapolated, as described by Equation 2.5.
5. Since it is almost impossible to transfer the grid onto the specimen without
any imperfection the GM data present a high level of noise. To reduce the
noisiness, Thompson’s τ method is applied to detect and eliminate the outliers.
This can be done only if the strain ﬁeld is expected to be uniform.
6. The code developed for this research also features a virtual strain gauge that
calculates the strain average over a selected area and with functions to print
the strain maps.
The developed code was tested performing a quasi-static tensile tests on a steel
dog-bone specimens and using strain gauges for control purposes. The GM has
been used to evaluate the strain along the longitudinal xx, Figure 2.26, and the
transverse direction yy, Figure 2.27. The time-strain graph were produced using
the virtual strain gauge feature of the code.
42Figure 2.26: Virtual Strain Gauge: Longitudinal Strain vs. Time
Figure 2.27: Virtual Strain Gauge: Transverse Strain vs. Time
Observing Figures 2.26 and 2.27 it appears evident that the strain data obtained
with the GM are in good accordance with the ones recorded with the strain gauge.
Furthermore the GM was able to record the strains well after the strain gauge de-
bonding, at about 90 s, and in the plastic deformation region. Furthermore changing
the axis along which the spatial unwrapping is performed ﬁrst does not aﬀect the
results, the lines are superimposed. The diﬀerence between the raw data and the
data after the outlier elimination arises only after the necking of the specimen, when
the strain ﬁeld is not uniform any more.
The obtained strains were used to draw the Stress-Strain curves shown in Figure
2.28.
43Figure 2.28: Stress-strain curve of aluminium specimen from GM and strain gauge
2.5 Imaging conditions that aﬀect the measurement
results
DIC and GM are aﬀected by common issues that might lead to incorrect strain read-
ing. The common link of these techniques is that both rely on sensors to capture
digital images of the event, which are then post processed to evaluate the strain.
Various causes might lead to the acquisition of distorted images, potentially produ-
cing incorrect measurement of strain values:
• Background noise Heat waves from the illuminating system, vibrations from
the machine or the environment, voltage ﬂuctuation in the imaging sensor
and other random phenomena cause each pixel detector to have biased image
acquisition. It is possible to identify the sources of the background noise and
to mitigate its eﬀect. It is also possible to quantify the the measurement
resolution. To do so, a series of images of the unloaded specimens must be
processed to obtain the displacement and strain maps from which fundamental
information can be obtained:
• The presence of localised areas of inhomogeneous strain or displacement
is symptomatic of an incorrect imaging set-up, the noisiness should be
uniformly distributed.
• Average value of the maps: when the imaging set-up is correct these
values are zero.
• The standard deviation of the displacement and strain values give a ﬁrst
evaluation of the displacement and strain resolutions of the measurement
44system.
• Out of plane movement 2D DIC and GM are not able to detect the movement
of the specimen in the third direction and account for it during the processing.
During the test, the specimen may be subjected to movements and rotations
that vary the distance between the imaging sensor and the specimen, resulting
in a change of magniﬁcation interpreted as a strain when analysing the im-
ages. Out of plane movement of the specimen results from compliances in the
specimen clamping, realignment of the specimen with the load, torsion of the
specimen during the test and testing equipment vibrations. In the experiment
design stage it is important to reduce the out of plane movement as much as
possible. The relationship between out of plane movement and the parasitic
strain induced in a DIC by the out of plane movement is [15]:
Parasitic xx =
dz
z
(2.8)
Parasitic yy =
dz
z
(2.9)
Parasitic xy = 0 (2.10)
where z is the distance between the specimen and the lens and dz is the out
of plane movement. For example, considering an imaging distance of 500 mm
and an out of plane movement of 0.75 mm a parasitic strain of the 0.15% is
to be expected. The same formula was used by Pannier et al. [19] to evaluate
the eﬀects of out of plane movement on GM measurement. To minimise the
eﬀects of the out of plane movement the suggested solutions are:
• Minimise the out of plane movement of the specimen, dz, by acting on
the specimen clamping;
• Increase the stand-oﬀ distance, z;
• Use of a telecentric lens, solution made inconvenient by other issues such
as lighting, cost and lack of ﬂexibility [19].
• Camera misalignment When performing 2D DIC and GM it is important that
the imaging sensor is parallel to the target. If this condition is not respected a
distortion in the images is introduced and errors in the displacement and strain
values have to be expected, [37] and [38]. When setting-up the experiment a
spirit level can be used to verify the pitch and roll angles (using aeronautical
jargon) of the camera, while the reﬂection of a laser pointer on a mirror,
provisionally mounted on the target surface, can be used to verify the pitch
and yaw angles [15]. Furthermore, for DIC, the misalignment can be detected
45processing the images of a rigid body motion [38] and compensated performing
a calibration [39].
• Lens distortion Lenses introduce a distortion in the captured images, this ulti-
mately aﬀects the evaluated displacement and strain ﬁelds [40] and [41]. For
Stereo DIC this is automatically compensated by the calibration process, that
Lava et al. in [41] recommend also for 2D DIC.
Before each test steady images of the specimens should be taken to evaluate the
imaging set-up quality. A ﬁrst evaluation of the measurement resolution can be
identiﬁed as the higher value between the system resolution and the parasitic strain
caused by the out of plane movement. In this research maximum care was taken
in the camera-specimen alignment, using the approach described above. The lens
distortion was not taken in consideration: the lens distortion resulted in errors
lower than the strain and displacement resolution hence there was no impact on the
measurement.
2.6 Conclusions
In this chapter important preliminary information that will guide the experimental
set-up at high speed have been collected. The noise sources for full-ﬁeld optical
technique have been identiﬁed. This will allow the selection of the best clamping
device to be used when testing on Instron VHS in Section 3.3.2. The information
about the best positioning of the illumination devices identiﬁed in Section 2.3.4 have
been applied to the GM and will be used in Section 3.4.4.
463 Background to high speed testing
approaches and development of
methodology
3.1 Introduction
A complete, but somewhat dated, review of the techniques used to test composite
materials at high strain rate was published by Hamouda and Hashmi [42]. It must
be noted that most of the testing methodologies have not signiﬁcantly changed in
the last decades. The diﬀerent techniques suitable for assessing the mechanical
behaviour of composite materials at diﬀerent strain rates are summarised in Table
3.1.
Table 3.1: Experimental techniques for high strain rate tensile testing as in [42]
integrated with [43]
Technique Strain rate [s-1]
Conventional Machine Quasi-Static (QS)-≤ 0.1
Drop weight machine (DW) ≤ 10
Servo hydraulic machine (SH)-VHS 0.1 → 100
Charpy pendulum ≤ 100
SHB 100 → 104
Expanding ring 104
Flyer plate and ballistic impact ≥ 105
From a survey of the literature it emerges that the most widely used technique to
investigate the high rate behaviour of composite materials is the SHB. On one hand
this technique generates considerably high strain rates, on the other hand it presents
some issues in the specimens connection to the machine and limits the dimensions
of the specimen, e.g. 12 mm in [44] with a threaded connection and 11 mm in [45]
with a dovetail connection.
47Figure 3.1: SHB specimens in [44] and [45]
Bardenheider and Rogers [11] stated that servo hydraulic machines give access
to intermediate strain rates, diﬃcult to access with the other testing techniques.
Nowadays servo-hydraulic high rate machines allow a cross-head displacement speed
that ranges from quasi-static to 25 m/s, that means a characteristic test duration
that ranges from 10 to 10−5 s and a strain rate between 10−3 and 103 s-1, as shown
in Figure 3.2.
Figure 3.2: Test duration and strain rates achievable with diﬀerent test devices, from [11]
Despite the advantages oﬀered by a servo-hydraulic machine for high rate testing,
not many research groups are known to use this kind of machine for testing com-
posite materials. Table 3.2 summarises the available literature reporting high rate
experiments on composite materials using servo-hydraulic testing machines.
Table 3.2: Available literature on high rate tests with servo-hydraulic machines
Year Material Cross-head speed [m/s] Reference
2004 GFRP 1 → 20 [46]
CFRP
2005 Glass-CaCO3-Polyester Not Known [47]
CFRP
2009 GFRP QS → 2 [48]
2009 GFRP QS → 2 [49]
2009 GFRP QS → 2 [50]
2011 GFRP QS → 2 [51]
2013 CFRP QS → 2 [52]
The behaviour of composite materials within the strain rate range achievable with
servo-hydraulic machines has not been deeply investigated regardless of the fact that
it could be an interesting point of view for understanding and interpreting composite
48materials strain rate dependence. Furthermore servo-hydraulic machines allow the
use specimens with dimensions comparable with those used for quasi-static tests,
oﬀering a suitable surface for full-ﬁeld strain measurement techniques. Moreover
the development of high speed cameras has made it possible to capture images with
high temporal resolution during an intermediate strain rate test duration. These
cameras make the application of optical strain measurement techniques suitable for
the characterisation of composite materials in the strain rate range achievable with
high-speed servo-hydraulic machines. This identiﬁes an interesting research gap that
can be ﬁlled with the equipment available to the author of this thesis.
This chapter is opened by a review of the published investigations on the strain
rate dependent behaviour of carbon and glass FRP unidirectional laminates, Sec-
tion 3.2. In the rest of the chapter a testing set-up to perform high speed tensile
tests with the aid of full-ﬁeld optical strain measurement techniques is devised. In
Section 3.3 the usage of Instron VHS to perform high speed tests with FRP mater-
ials is discussed. While the issues related to the application of the full-ﬁeld strain
measurement techniques to high speed testing,particularly the data synchronisation
and the specimen illumination, are discussed in Section 3.4.
3.2 Strain rate dependent composite material
behaviour
A review article on the eﬀect of strain rate on the mechanical properties of FRP
was presented by Jacob et al. [53], this constitutes the starting point of the present
section. The review presented here is focused on the experimental works on uni-
directional glass and carbon reinforced epoxy laminates.
Harding and Welsh in [54] used a modiﬁed version of the SHB to conduct a study
to determine the mechanical properties of CFRP and GFRP materials under tensile
impact loading. The relevance of this article to the present work is limited to the
CFRP materials that were tested in a unidirectional layup. Experiments were run
from strain rates of 10-4 up to 10 s-1 using a standard tensile testing machine while
the SHB allowed to reach strain rates of 103 s-1. The authors observed that a strain
rate variation of over seven orders of magnitude did not aﬀect the tensile modulus.
This represents the ﬁrst eﬀort to characterise the strain rate dependence of FRP.
Hsiao and Daniel conducted extensive work to investigate the eﬀects of strain rate
on the compressive and shear behaviour of CFRP materials. Strain rates below
10 s-1 were generated using a standard servo-hydraulic machine and strain rates up
to several hundred s-1 were generated through a drop tower apparatus. The beha-
49viour of the CFRP loaded in compression along the ﬁbre direction was investigated
from the quasi-static up to 110 s-1, and a slight increase of the values of the modulus
was observed. The transverse and shear behaviour, that according to the authors
are governed by the matrix, were investigated respectively up to 160 and 300 s-1.
From the obtained stress strain curves it was possible to conclude that the trans-
verse modulus increased in the investigated strain rate range by 37%. The authors
did not provide a quantitative value of the stiﬀening of the shear modulus. The
same conclusions about the matrix-dominated behaviour of CFRP were drawn in a
consecutive paper by Hsiao et al. [55]. Three diﬀerent machines were used to apply
compressive load at diﬀerent strain rates: a standard servo-hydraulic for strain rate
below 10 s-1, the drop tower apparatus for the range between 10 and 300 s-1, a SHB to
generate strain rates between 500 and 1800 s-1. The stress-strain curve for the tests
conducted on specimens with a 90◦ ﬁbre orientation showed a stiﬀening of 37% with
the increase of the strain rate from 0.0001 to 1800 s-1. The authors proposed two
explanations for this phenomenon: the visco-elastic behaviour of the polymeric mat-
rix and the time-dependent nature of the accumulating damage. Shear behaviour
compressive tests were run on specimen with 15, 30, 45 and 60◦ ﬁbre orientation.
The authors observed an increase of the stress level of the plateau region before the
material failure, also the initial shear modulus was observed to increase by about
18% over the investigated strain rate range.
Lowe [56] conducted a study on the strain rate and temperature eﬀect on unidirec-
tional CFRP laminates using a standard servo-hydraulic machine. The explored
strain rate range was limited as the cross-head displacement speed ranged between
10-2 and 102 mm·min-1, but the temperature range between -50 and 150◦C makes
this study an interesting and valuable conﬁrmation of the fact that the transverse
and shear behaviour of composite materials are dominated by the matrix behaviour.
Melin and Asp in [57] found the transverse mechanical properties of CFRP to have
a weak or negligible dependence on the strain rate. The authors loaded dog-bone
specimens in a SHB at strain rates between 100 and 800 s-1 and quasi-statically in
a hand-driven loading frame. The true strain ﬁeld was measured by the Moir´ e tech-
nique. It was observed that the average transverse modulus is independent from the
strain rate whereas the the initial transverse modulus decrease slightly with the in-
crease of the strain rate. The authors concluded that when loaded in the transverse
direction, in a strain rate range between 10-3 and 103 s-1, CFRP materials show a
weak dependence on the strain rate.
A study about the strain rate dependence of the longitudinal and transverse beha-
viour of CFRP was carried out by Hosur et al. in [58]. Unidirectional laminates
were tested in the direction parallel and perpendicular to the reinforcement ﬁbres
at strain rates of 82, 164 and 817 s-1. An increase of the transverse and longitudinal
50moduli of 50% and 86% respectively from the static values to the maximum invest-
igated strain rate was observed.
Gilat et al. in [6] studied the strain rate tension behaviour of CFRP unidirectional
specimens with ﬁbres oriented at 90◦ 10◦ 45◦ and a ±45◦ cross-ply. A servo-hydraulic
machine was used to achieve strain rates between 10-5 and 1 s-1, while strain rates
between 400 and 600 s-1 were achieved using a tensile SHB. A non quantiﬁed in-
crease of the material stiﬀness was observed with the increase of the strain rate.
The authors suggested that the sensitivity to strain rate in composite materials is
driven by the resin behaviour.
In their work Taniguchi et al. [59] found that the longitudinal modulus in a strain
rate range from the quasi-static up to 100 s-1 remains constant. In contrast the
matrix dominated shear and the transverse moduli showed an increase of 13% and
77% respectively within the investigated strain rate range. Taniguchi et al. draw
the same conclusions in [60], where the behaviour of CFRP unidirectional materials
with ﬁbre orientations at 10, 30, 45, 60 and 90◦ was studied. A tensile SHB was used
to reach strain rates up to 150 s-1. The unidirectional oﬀ-axis specimens were pre-
pared using oblique end-tabs to minimise the extension-shear coupling eﬀect. The
moduli were observed to increase by about 20% in the investigated stain rate range.
The authors attributed this behaviour to the visco-elastic behaviour of the resin.
Koerber et al. in [61] investigated the compression and shear-compression behaviour
of unidirectional specimens with 15, 30, 45, 60, 75, and 90◦ ﬁbre orientation angles.
Strain rate up to 350 s-1 were achieved using a SHB ans the strain was measured
using DIC. An increase of 12% in the transverse compression modulus of elasticity
and of 25% in the in-plane shear modulus of elasticity were observed over the in-
vestigated strain range. For combined transverse compression and in-plane shear
loading the oﬀ-axis modulus of elasticity increased by 20%.
The variation of longitudinal tensile modulus over a strain rate range from 10-4 up
to 87.4 s-1 of CFRP was studied by Al-Zubaidy et al. in [62] using standard and
high-speed servo-hydraulic test machines. The modulus was observed to increase by
about 20% almost linearly over the strain rate range. The authors attribute this to
a combination of the visco-elastic behaviour of the polymeric matrix.
Berthe et al. [52] conducted a study aimed at the identiﬁcation of a sample geo-
metry that allows consistent mechanical tests results at various strain rates to be
obtained to inform a visco-elastic mesoscopic model to describe CFRP strain rate
dependence from creep to dynamic loadings. Transverse modulus was observed to
be insensitive to a strain rate variation between 0.0009 and 21 s-1; while the shear
modulus increased by 30% between 0.001 and 88 s-1.
A complete investigation work on the behaviour of CFRP materials subjected to
diﬀerent strain rate deformation was undertaken by Shokrieh and Omidi in a series
51of four articles, [48], [49] [50] and [51]. The authors, using a servo-hydraulic test ma-
chine equipped with a strain rate increase mechanism, achieved strain rates between
0.001 and 100 s-1. The longitudinal modulus was studied both in tension and in
compression: the tensile Young’s modulus was found to increase by about 12% [48],
while the compressive Young’s modulus was found to increase by about 53% [49],
over a strain rate range of ﬁve orders of magnitude. Furthermore the authors pro-
posed a regression function to describe the eﬀect of the strain rates on the material
properties in the form of:
M (˙ ) = α + β˙ 
χ (3.1)
where M is a generic material property, ˙  is the strain rate and α, β and χ are mater-
ial constants obtained by ﬁtting the curve to the obtained experimental results. It
has to be remarked that the quasi-static compressive and tensile longitudinal mod-
uli diﬀer by about 50%. Even though the authors used the same clamping ﬁxtures
and designed the specimens to allow a smooth load transfer from the grip to the
specimens, the diﬀerence between the longitudinal moduli calculated in tension and
in compression may be attributable to the test boundary conditions. Furthermore,
also the shapes of the regression functions that describe the strain rate dependent
behaviour of the moduli are diﬀerent, as shown in Figure 3.3 and by the obtained
material constants presented in Table 3.3.
Table 3.3: Material constants for curve ﬁtting describing the strain rate dependence of
the longitudinal modulus, from [48] and [49]
Constant Tensile Compressive
α [GPa] 37.243 7.223
β [GPa·s] 1.139 24.449
χ 0.276 0.0529
52Figure 3.3: Eﬀect of the strain rate on the longitudinal moduli from [48] and [49]
Another example of the diﬀerent behaviour of the material under compressive and
tensile load can be found in the work of Shokrieh and Omidi about the transverse
behaviour of the same CFRP material, [51]. The compressive and tensile transverse
moduli diﬀer by about 11%. The same testing apparatus of the articles presented
previously was used and the same strain rate range was explored. This led to an
increase of the tensile transverse modulus of about 14% and of the compressive
transverse modulus of about 23%. Also the material constants obtained from the
regression function, Equation 3.1, are diﬀerent for the tensile and the compressive
load, as shown in Figure 3.4 and in Table 3.4.
Table 3.4: Material constants for curve ﬁtting describing the strain rate dependence of
the transverse modulus, from [51]
Constant Tensile Compressive
α [GPa] 10.037 11.419
β [GPa·s] 0.4370 0.0259
χ 0.2624 1.0216
53Figure 3.4: Eﬀect of the strain rate on the transverse moduli from [51]
The number of the signiﬁcant ﬁgures of the values presented in Tables 3.3 and 3.4
might appear to be excessive, it has to be remarked that these values are quoted
from [48], [49] and [51]. Finally Shokrieh and Omidi in [50] studied the strain rate
dependence of the shear behaviour of a ±45◦ angle-ply laminate. In this case a 15%
decrease of the elastic shear modulus was observed over the investigated strain rate
range. This result are in contradiction with the literature presented so far. Berthe
et al. in [52] found a monotonic increase of the shear modulus with the strain rate
with a similar lay-up. While Gilat et al. in [6] recorded a similar shear modulus in
the low and moderate strain rate range, between 9.10-5 to 2 s-1, and a higher one
at 600 s-1. Shokrieh and Omidi do not provide an explanation to this inconsistency
with the existing literature.
Data regarding the Poisson’s ratio is not widely reported in the literature. A study
was conducted by Okoli and Smith in [63] on GFRP cross-ply laminate. The ma-
terial was loaded in a strain rate range between quasi-static and 3 s-1. The authors
concluded that the Poisson’s ratio is strain rate insensitive. It has to be remarked
that these results are not of direct interest for the present work, as the material has a
diﬀerent structure from the one considered here with ﬁbres both parallel and perpen-
dicular to the load direction, but represent the only reliable information about the
strain rate dependence of Poisson’s ratio. Also Taniguchi et al. [60] considered the
Poisson’s ratio in their study about the dynamic tensile properties of CFRP loaded
in matrix-dominant directions. The authors, testing pure resin coupons equipped
with strain gauges, concluded that the Poisson’s ratio decreased with the strain
rate. Also this results is of limited interest for the present study: here the eﬀect of
the ﬁbre on the general composite behaviour is not taken into account and again
it is not possible to relate these result to the behaviour of plastics reinforced with
unidirectional ﬁbres.
54The publications discussed above are summarised in Tables 3.5, 3.6 and 3.7. In
the tables below the acronyms are the same as those used in Table 3.1, ‘Tens‘ and
‘Comp‘ identify a tensile or a compressive load.
Before concluding this review it is important to mention also the work conducted
to characterise the strain rate dependent behaviour of pure resin epoxy specimens.
Tay et al., [66] conducted a study on pure epoxy specimens (Ciba-Geigy LY5052
cured with alkylamine HY5052 hardener) subjected to compressive loading over a
strain rate range from 5 to 2500 s-1 using a servo-hydraulic machine and a SHB
observing a two to three-fold increase in the initial elastic modulus. Buckley et al.
[67] conducted a comparative study on the compressive behaviour of three diﬀerent
thermosetting resins (Hexcel Composites CT200, 3M-PR500 and Cytec 5250-4) in a
strain rate range from 10-3 to 53 s-1 using a SHB. The authors observed an increase
of the elastic modulus of the order of 70% for the CT200 and 3M-PR500 resins,
that are based on a bisphenol compound. The elastic modulus of Cytec 5250-4,
a bismaleimide resin, showed an increase of four times over the investigated strain
rates. Gilat et al. [68] [69] used a servo-hydarulic and a SHB to investigate the
shear and tensile response of E-862 and PR-520 resins over a strain rate range from
5-5 to 700 s-1. The authors observed for both the resins a stiﬀer material response,
i.e. a moduli increase, with increasing strain rate in both tension and shear load-
ings. Naik et al. [70] studied the shear properties of epoxy LY-556 in a strain rate
range from 385 to 880 s-1 using a torsional SHB observing a 22% increase in the
shear modulus from the quasi-static value. Al-Zubaidy et al. [71] investigated the
mechanical properties of Araldite 420 epoxy under quasi-static and medium impact
tensile loads using a drop weight machine. The authors observed an increase of 85%,
98% and 106% form the quasi-static value of the modulus for strain rates of 54.2,
67.2 and 87.5 s-1 respectively. From the presented papers it can be concluded that,
for epoxy resin, an increase in the strain rate leads to an increase of the material
stiﬀness. The review indicates that the magnitude of the strain rate induced stiﬀ-
ening is dependent on the resin chemical composition.
The publications discussed above are summarised in Table 3.8. In the tables be-
low the acronyms are the same as those used in Table 3.1.
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59Concluding this review, it is important to summarise some aspects of the work
conducted so far in determining the strain rate dependent behaviour of ﬁbre rein-
forced polymers:
• All the authors agree that the transverse and shear behaviour of FRP is con-
trolled by the behaviour of the matrix.
• Not all the ﬁndings are in agreement between each other:
– Observing Table 3.5 it appears evident how the majority of the author
agree that, both for CFRP and GFRP, the longitudinal Young’s modulus
increase with the strain rate. However Harding and Welsh in [54] and
Taniguchi et al. [59] found it to be strain rate independent, while Hall
and Guden in [65] observed a slight decrease with the increase of the
strain rate.
– Observing Table 3.6 the general trend of the results suggests that the
transverse Young’s modulus increases with the strain rate. Three papers
(Melin and Asp [57], Hall and Guden [65] and Berthe et al. [52]) indicate
the transverse Young’s modulus as strain rate independent.
– Observing Table 3.7 the only paper in contrast with the general trend,
is the one from Shokrieh and Omidi [50] that describes a decrease of the
shear modulus with the increase of the strain rate.
• Even though all the authors present non linear shear stress-strain curves, none
of them clearly states how the shear modulus was deduced from these curves.
• Observing Table 3.8 all the authors agree in identifying a stiﬀening of the
epoxy resin with the increase of strain rates, this is dependent on the resin
chemical composition.
603.3 High speed testing with Instron VHS
The advantages of using a high speed servo-hydraulic machine for testing at interme-
diate strain rates with full-ﬁeld strain measurement techniques, have been discussed
above. The use of this machine poses the challenges of designing a clamping sys-
tem and a specimen suitable to correctly withstand the shock load imposed by its
working mechanism.
3.3.1 VHS Description
The high speed tests are performed using an Instron VHS 1000, servo-hydraulic
test machine. The machine works by accumulating oil at a pressure of 280 bar in
an accumulator regulated by proportional valves. These valves are controlled by a
system that releases the amount of oil needed to move the actuator at the required
speed. The actuator is capable of moving at a maximum displacement speed of
20 m/s. To reach the operating test speed the actuator requires an acceleration
travel of 150 mm. The maximum load capacity is 80 kN. A schematic of the Instron
VHS is shown in Figure 3.5.
Figure 3.5: Schematic of Instron VHS
The data acquisition system of Instron VHS has the ability to record 4 simul-
taneous signals at sampling frequencies up to 1 MHz. The load is recorded with
61a 100kN Kistler 9071A washer type piezoelectric load cell attached to the cross-
head and coupled a Kistler Type 5011B charge ampliﬁer. Two channels of the data
acquisition system are always used to record the actuator displacement and the load.
3.3.2 Specimen clamping
The test machine actuator must be accelerated to reach the desired displacement
speed. During the actuator acceleration phase the specimen must not be clamped
or loaded until the desired test speed is achieved, upon which the specimen must be
instantly loaded. To overcome this issue, the Instron VHS was originally ﬁtted with
a fast jaw system, whose working principle is shown in Figure 3.6
Figure 3.6: Fast jaw system:
a) The actuator accelerates, the specimen is not loaded.
b) The wedges hit the knock out pins, the specimen is clamped
c) The specimens is clamped and loaded
The jaw faces are kept apart by two wedges that are subjected to a closure force
generated by tightening four bolts. Initially the actuator accelerates with the jaw
faces that slide along the specimen without loading it, Figure 3.6a). At the desired
position two knock out pins, that are rigidly connected to the test machine, stop
the wedges (Figure 3.6b)) and the jaws are free to clamp the specimen (Figure 3.6c)).
In the work of Wang et al. [46] an Instron VHS servo-hydraulic test machine was
used to test glass and carbon reinforced epoxy specimens at strain rates between 15
and 43 s−1. The specimen’s dimensions are shown in Figure 3.7.
62Figure 3.7: Specimen conﬁguration in [46]
The specimen was loaded using the fast jaw system, described above. The exten-
ded end-tabs on the left side of the specimen were designed to allow the actuator
acceleration travel before the fast jaw system loads the specimen. Such a specimen
has a surface of 15 by 150 mm, which is considerably larger than the specimens used
in SHB, this simpliﬁes the application of full-ﬁeld optical measurement techniques.
To use of the fast jaw system an adaptor, based on the working principle of to
the extended end-tabs used by Wang et al. shown in Figure 3.7, was designed to
provide a metallic surface for the jaw faces to clamp on. Two parameters have to
be taken into account when setting-up the system before every test:
• Distance of the jaw faces from the adaptor;
• Bolts pre-load.
These parameters cannot be easily and reliably controlled and therefore the repeat-
ability of the tests cannot be ensured. Furthermore if these parameters are not
correct the jaw faces slip along the adaptor resulting in an incorrect loading of the
specimens that ultimately aﬀects the stress-strain curve deﬁntion and the charac-
terisation of the material. The eﬀects of this slippage on the load history can be
seen in Figure 3.8 that shows the time-load plot of tensile test run at 1 m/s on a
CFRP specimen.
63Figure 3.8: Eﬀect of the fast jaw slippage on the load history
At about 8 kN the load trace starts to oscillate as eﬀect of the end-tab debonding,
this issue will be discussed below. Furthermore, after 15 kN, a change in the load
rate appears, this is due to the fact that the jaw faces are slipping on the specimens,
and the actuator is moving without loading the specimen. The following issues that
aﬀect the quality of the results are identiﬁed:
1. Low repeatability of the experiments;
2. Slippage between the jaw faces and the adaptor;
3. High out of plane movement of the specimen;
4. Long set-up time for each experiment.
In the work of Fitoussi et al. [47], a servo-hydraulic machine was used to achieve
strain rates between 0.5 and 60 s-1. An experimental methodology that allowed
the micro and macroscopic characterisation of composite materials was deﬁned. To
allow the actuator to accelerate before loading the specimen a slack adaptor was
used. Also, to be able to observe damaged but not failed specimens, a sacriﬁcial
fuse-specimen, intended to break at a lower load than the tested specimen, was po-
sitioned between the specimen and the actuator.
To overcome some of the issues related to the fast jay system, a slack adaptor
system was developed at the University of Southampton, based on the design of
Fitoussi et al. [47]. Its working principle is shown in Figure 3.9.
64Figure 3.9: Slack adaptor system:
a) The actuator is in the uppermost position, the specimen is not loaded.
b) The actuator accelerates, the cylinder and the plunger are not engaged, the specimen
is not loaded.
c) The actuator reaches the desired speed, the cylinder engages with the plunger, the
specimen is loaded.
The specimen is clamped, using a jaw system, to a plunger ﬁtted inside a cylinder
connected to the tensile test machine actuator (Figure 3.9a)). When the actuator
moves the cylinder is driven along with it but freely moves around the plunger, i.e.
the specimen is unloaded (Figure 3.9b)). When the cylinder reaches the end of the
plunger the two elements engage and the specimen is loaded (Figure 3.9c)).
The slack adaptor system is an eﬃcient solution both to reduce the set-up time
of each test and increase the repeatability of the experiments. Importantly it cir-
cumvents the slippage issue that exists with the fast jaw system, thereby providing
a repeatable rate of loading. The slack adaptor also allows a reduction of the out of
plane movement of the specimen. Figure 3.10 shows two representative curves of the
out of plane movement caused by the two diﬀerent systems on GFRP specimens,
calculated using Stereo DIC.
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Figure 3.10: Out of plane movement during high speed testing
It can be easily seen how the slack adaptor allows a better loading of the specimen
with moderate out of plane movement. Considering a camera stand-oﬀ distance of
900 mm, using Equation 2.10, it can be calculated that the parasitic strain caused
by the fast jaw system and the slack adaptor are 1111 and 278 µerespectively. It can
therefore observed that the parasitic strain caused by the out of plane movement
generated using the fast jaw system is above value of the strain resolution of the
full-ﬁeld strain measurement techniques used in the research, and therefore unac-
ceptable.
Figures 3.11 and 3.12 show the stress-strain graph obtained with strain gauges
bonded on the front and on the back of GFRP specimen and with Stereo DIC.
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Figure 3.11: Stress-Strain curves obtained from a high speed test run using the fast jaw
system
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Figure 3.12: Stress-Strain curves obtained from a high speed test run using the slack
adaptor system
Comparing the two graphs it appears evident how the fast jaw system causes a
bending of the specimen that results in diﬀerent shape of the stress strain curve
evaluated using the strain gauges on the front and on the back of the specimen as
shown in Figure 3.11. For slack adaptor, the curves obtained from the front and the
back strain gauge can be perfectly superimposed meaning that there is no bending
of the specimen caused by the clamping system.
67In conclusion, by reducing slippage and out of plane movement, it is thereby shown
that the slack adaptor oﬀers better control and repeatability of high rate uni-axial
tensile tests on standard size specimens. In addition, the set-up time is reduced,
improving test eﬃciency. As this system was developed in parallel with the research
presented here, diﬀerent versions of this system are used in the various tests that
are presented below, although operationally identical.
Slack adaptor dynamic response study
Ansys 14.0 is used to study the dynamic response of the slack adaptor system. An
idealisation of the slack adaptor system is shown in Figure 3.13.
Figure 3.13: Idealisation of the slack adaptor for dynamic response study
The specimen and slack adaptor plunger assembly, shown in Figure 3.9, can be
seen as two beams in series connected by the clamping system, mounted on the
head of the slack adaptor plunger, where the majority of the mass is concentrated.
150 BEAM4 elements are used to model the specimen and the plunger of the slack
adaptor deﬁning the inertial and stiﬀness properties. Element MASS21 is used
to model the concentrated mass. The free end of the specimen is constrained as
ﬁxed, all rotations and all displacements are prevented, the free end of the slack
adaptor is hinged, all the rotations are free and all the displacement are prevented.
Two analyses are run to understand the behaviour of the specimen-slack adaptor
system to a dynamic load. A preliminary modal analysis is run to identify the
fundamental frequencies of the system, a harmonic response analysis is then run to
identify the impulse response of the system. During the work described in this thesis
specimens with various inertial and stiﬀness characteristics are used: it is impossible
to present all the situations. By means of example two studies are presented, with
unidirectional CFRP and GFRP specimens whose characteristics are presented in
Table 3.9. Analyses are presented at a later stage where the experimental results
require an interpretation involving the dynamic response.
68Table 3.9: Geometric and mechanical characteristics of the model
Slack adaptor CFRP GFRP
plunger specimen specimen
Length [mm] 200 120 120
Width [mm] - 15 15
Thickness [mm] - 1 1
Diameter [mm] 20 - -
Density [kg/m3] 2810 1500 2500
Young’s modulus [GPa] 72.5 125 40
Poisson’s ratio 0.3 0.3 0.3
The results of the modal analysis are presented in Table 3.10, where the ﬁrst 10
natural frequencies and their characteristics are summarised. In the column ‘Part’,
when both the plunger and the specimen are involved in the dynamic this is noted as
‘All’, when only the specimen is involved this is label ‘Spc’. ‘Flex’ identiﬁes ﬂexural
and ‘Tors’ torsional responses. ‘Uy’ and ‘Uz’ are the directions of the vibrations as
identiﬁed in Figure 3.13.
Table 3.10: Modal analysis results
CFRP GFRP
Mode Freq. Part Shape Dir. Freq. Part Shape Dir.
[Hz] [Hz]
1 5.5 All Flex y 3.1 All Flex y
2 59.7 Spc Flex y 27.1 Spc Flex y
3 78.2 All Flex z 45.4 All Flex z
4 162.0 Spc Flex y 72.9 Spc Flex y
5 316.2 Spc Flex y 141.8 Spc Flex y
6 521.7 Spc Flex y 233.8 Spc Flex y
7 553.3 All Tors x 321.0 All Tors x
8 778.3 Spc Flex y 348.7 Spc Flex y
9 797.6 All Flex z 396.0 All Flex z
10 1006.4 All Flex y 486.7 Spc Flex y
The mechanisms that could trigger the natural response of the slack adaptor and
specimen system can be identiﬁed in the locking between the internal plunger and
the outer cylinder of the slack adaptor, as shown in Figure 3.14. The possible
fulcrum of the moment is marked with the letter F and the consequent moment is
identiﬁed as M. It is important to remark that the natural modes with a natural
frequency lower than 100 Hz cannot be observed as the characteristic time of the
vibration is comparable with the observation time, i.e. the duration of the high
speed tensile test.
69Figure 3.14: Plunger and outer cylinder contact point:
a) Drawing
b) Idealisation of the moment generation
There are two kinds of loads that are created by the locking of the internal plunger
and the outer cylinder: the tensile load that is the goal of this experiment, and a
moment that can be caused by a misalignment of the two parts. A harmonic analysis
is therefore run to identify how and which one of these loads are aﬀecting the dynamic
response of the system. In the harmonic analysis the tensile load, modelled as a 20
kN force acting along the x axis, does not trigger any of the natural responses of the
system. It has to be remarked that in this case the constrain on the displacement
along the x axis at the free end of the plunger has been removed. The eﬀects of the
moment that can be generated by the locking of the two parts of the slack adaptor
are simulated by applying a My and a Mz 400 Nm moment (considering a 20 kN force
acting on a lever-arm of 20 mm) at the hinged end of the slack adaptor, as shown
in Figure 3.15. No damping is used in the analysis. The results of the harmonic
analysis are calculated at the nodes corresponding to the concentrated mass, the
half and the two thirds of the specimen length (A, B and C in Figure 3.15).
Figure 3.15: Slack adaptor dynamic response study
70The frequency of the peaks of response to the applied moments from the harmonic
analysis are shown in Table 3.11.
Table 3.11: Modal analysis results: frequency of the peaks of response as consequence of
the applied moment [Hz]
CFRP GFRP
Mode My Mz My Mz
[Hz] [Hz]
1 - 5.5 - 3.1
2 - 59.7 - 27.1
3 78.2 - 45.4 -
4 - 162.0 - 72.9
5 - 316.2 - 141.8
6 - 521.7 - 233.8
7 - - - -
8 - 778.3 - 348.7
9 797.6 - 396.0 -
10 - 1006.4 - 486.7
It can be concluded that all the natural modes of the slack adaptor-specimen sys-
tem are triggered by a moment generated at the root of the plunger when engaging
with the outer cylinder. To mitigate the problem of the dynamic response of the
slack adaptor a rubber damper is placed between the plunger and the outer cylinder
of the slack adaptor. This damps the vibrations, but only partially resolves the
problem of generating a moment when slack adaptor engages. The eﬀects of the
rubber dumper on the initial loading rate are negligible. The eﬀects of the slack
adaptor dynamic response on the experimental outputs will be discussed further in
Section 5.4.5.
It is also possible to calculate the frequency, ωLong, of the longitudinal stress wave
travelling trough the system as:
ωLong =
1
2 L
s
EM
ρM
(3.2)
Where L is the travelling length, EM and ρM are the material Young’s modulus and
density. It is expected that, when the plunger and the outer cylinder engage, a stress
wave starts to travel through the plunger. When the wave reaches the end of the
plunger it is partially reﬂected back into the plunger and partially transmitted to
the specimen. It is possible to calculate the frequency of the waves travelling in the
plunger and in the specimen and in the whole assembly. The results are reported in
Table 3.12.
71Table 3.12: Longitudinal resonance frequencies in [kHz]
CFRP Slack adaptor GFRP
specimen plunger specimen
Parts
30 12.7 16.7
CFRP specimen and plunger assembly
9.5 -
GFRP specimen and plunger assembly
- 7.2
During this research the eﬀects of the stress waves were never observed. The fre-
quency of the stress waves in the specimen is comparable with the frame rate of the
cameras and therefore, accordingly to the Nyquist-Shannon sampling theorem, they
cannot be observed. Moreover stress waves are damped when they are transmitted
from the plunger to the specimen and when they are travelling through the system,
reducing the duration of their eﬀects and making it diﬃcult to be detected with
optical measurement techniques. Finally, also in the signals recorded with the data
acquisition systems of Instron VHS the eﬀects of the stress waves was never observed
during this research.
Furthermore when the plunger and the outer cylinder engage, the former is ac-
celerated and, because of its mass, responds with inertia. This aﬀects the load and
strain rate, as will be shown in Section 4.2.4.
3.3.3 Specimen Design
When using traditional bonded end-tab specimen in high speed testing the early
debonding of the end-tab from the specimen has an eﬀect on the specimen loading,
as already mentioned when commenting on Figure 3.8. During the debonding phase
the energy that the actuator displacement transfers to the specimen is not used in
deformation, but instead for the creation of the new debonded surface, the specimen
therefore experiences a rigid body motion but is not deforming, as show in in Figure
3.16. Furthermore when the end-tabs shears oﬀ the specimen, part of the elastic
energy stored in the end-tabs is released back to the load cell. This perturbs the
load signal, as can be observed in Figure 3.8.
72Figure 3.16: End-tab debonding:
a) The end-tabs are bonded to the specimen;
b) The specimens shears against the end-tab.
To mitigate the eﬀect of the end-tab debonding a co-cured end-tab specimen was
devised adding extra plies in the stacking sequence at the two extremities of the
specimen. In this way the two extremities, after the curing, are thicker than the
gauge area and oﬀer a suitable area to grip the specimen to the machine. To be
able to cure a laminate with a variable thickness the vacuum bag lay-up is adapted
by adding an extra tool to maintain adequate curing pressure to the whole laminate
surface and to avoid bending in the gauge area. The vacuum bag lay-up is shown
in Figure 3.17.
Figure 3.17: Schematic of the vacuum bag lay-up to produce co-cured end-tab specimens.
Time-stress curves obtained from GFRP specimen with bond and co-cured end-
tabs are shown in Figure 3.18.
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Figure 3.18: Time-Load curves for bonded and co-cured end-tab specimens
The beneﬁts of the co-cured end-tab specimen appear evident. Considering the
curve relative to the bonded end-tab specimen the linear elastic part is interrupted
by a kink in correspondence with the debonding of the end-tab from the specimen.
After this moment the load is oscillating around a linearly growing value, this is due
to the fact that, after the debonding, the stiﬀness of the system changes and energy
is realised into the load cell that is subject to ringing. The load curve relative to the
co-cured end-tab does not show anomaly: co-cured end-tabs allow a better loading
of the specimen, the load is correctly applied to the specimen during the test entire
duration, the load cell ringing is signiﬁcantly reduced during the test, and better
stress-strain curves are obtained.
3.4 Optical techniques integration
3.4.1 High speed imaging devices
To perform material characterisation experiments at high strain rate using optical
techniques to measure strain it is necessary to acquire images at high frame rates.
Before the introduction of electronic photography, mechanical devices, such as rotary
prisms and rotating mirrors, were used to impress images at high frequency on
photographic ﬁlm. Nowadays various electronic devices are used to capture and
digitise images:
• CCD: charge-coupled device are constituted by a photo-active region where an
electric charge proportional to the light intensity is accumulated on a capacit-
ors array. The charge is then dumped into a charge ampliﬁer, which converts
the charge into a voltage. The image that is projected on the focal plane of the
74device is therefore discretised in an array of digital signals, i.e. pixels, each one
corresponding to one of the sensors of the CCD array. Several solutions are
used to improve the quality of the captured images and the achievable frame
rates:
– Gated Intensiﬁed CCD: an image intensiﬁer is used to amplify the image
signal before it is recorded by the CCD sensor.
– IS-CCD: In Situ storage CCD chips, the charge of each pixel is locally
recorded on memory units located on the CCD sensor.
– Rotating Mirror CCD: an array of CCD sensors is arranged around a
rotating mirror that projects the images of the event to each one of them.
• CMOS: arrays of complementary metal-oxide semiconductors based sensors
are used to capture light energy at high frame rates and convert it to a voltage
that is further converted in a digital image. These sensors allow the reduction
of the level of noisiness in the images avoiding the overﬂow of the capacitors,
as it might occur in CCDs based sensors.
All the high frame rate cameras used during this research, listed in Table 2.1, are
equipped with CMOS based sensors.
3.4.2 Application of DIC and GM to FRP testing at high speed
Despite the advantages of full-ﬁeld optical techniques not many studies on composite
materials have been carried out with the aid of DIC at intermediate or high strain
rates.
Lee et al. in [72] and [73] conducted a study on the fracture behaviour of CFRP
materials. A 2D DIC method was used to obtain time-resolved, full-ﬁeld, in-plane
surface displacements on specimens subjected to quasi-static and impact loads. A
drop tower apparatus was used to impact notched specimens at low-velocity, the
notches were oriented to produce mode-I or mixed-mode (mode-I and -II) fracture.
The images were recorded using a rotating mirror ultra high speed camera, DIC was
performed with an in-house developed software based in Matlab. The authors were
able to extract the stress intensity factor and deﬁne the crack extension histories
from the full-ﬁeld displacement ﬁelds, proving the feasibility of studying stress-wave
induced crack initiation and rapid crack growth in ﬁbre-reinforced composites using
DIC and high-speed photography. In a following work Lee et al. [74] carried out,
using the same apparatus and methodology, dynamic fracture tests to compare the
fracture parameters of unidirectional IM7/PETI-5 and T800/3900-2.
DIC has been used by Hufner and Accorsi [75] to experimentally validate their
progressive failure theory for woven FRP materials subjected to dynamic load. The
75proposed theory, capable of predicting fully non-linear, rate dependent, anisotropic
behaviour for dynamic loading, was experimentally validated using basic tension and
open hole tension experiments with the aid of DIC. A servo-hydraulic test machine
was used to generate strain rates between 0.0001 and 0.1 s-1, while images were
captured with a high speed camera at frame rate ranging from 10 to 2000 Hz. The
authors identify the beneﬁts of DIC as:
• the availability of the full strain-displacement ﬁeld;
• the possibility to experimentally determine all the components of strain (nor-
mal and shear) on the measured surface;
• the ability to accurately measure low strains, as well as extremely large strains,
within a single test.
These characteristics were deemed particularly helpful in developing a constitutive
theory. The knowledge of strain components, and their spatial variation, on the fully
measured surface is better than the local values obtained for example with strain
gauges. This technique allowed the acquisition of data that are accurate enough
to extract the material constitutive parameters and model the material behaviour.
To gather these data using strain gauges a high number of sensors and experiment
repetitions would have been required. It has to be remarked that these beneﬁts are
associable with other full-ﬁeld strain measurement techniques.
Koerber et al. [61] used DIC to investigate the strain rate eﬀects on CFRP, as
described in Section 3.2. A SHB was used to load the specimen at strain rates up to
350 s-1, while images were recorded with a high speed camera operated at a frame
rate of 100 kHz. DIC allowed the measurement of in-plane strain ﬁeld on the surface
of the specimen and to monitor the failure process.
Palanivelu et al. [76] used a high speed camera, operated at a frame rate of 2 kHz,
to calculate the impact speed, the corresponding deceleration and impact force in
their investigation on the behaviour of uni-directional pultruded composite tubes
subjected to an impact load. The authors identiﬁed the beneﬁts of DIC, compared
to contact sensors, in the higher ﬂexibility oﬀered by this technique that avoided
the risk of loss of sensors and equipment due to an improper selection.
The capability of Stereo DIC to measure out of plane movement and strain was ex-
ploited by Pankow et al. [77] to study the shock response of 3D woven composites.
Using a shock tube loaded with high pressure gas and high frame rate cameras the
authors were able to study the strains in the matrix and in the tow caused by a
shock wave and, in particular, the role of the 3D structure in the failure initiation
and damage containment.
Berthe et al. [52] used DIC for the validation of a new specimen geometry that allows
76the visco-elastic behaviour characterisation of FRP in a strain rate range from 10-3
to 102 s-1. Stereo DIC allowed the measurement of the out of plane displacements
and the strains from the displacement ﬁeld. The homogeneity and the consistency
of the strain on the surface of the proposed specimen was veriﬁed.
Broadening the application of DIC to non polymeric matrix composites, the strain
ﬁeld of ﬁbre reinforced cement specimens during high speed tensile tests have been
recorded by Silva et al. [78], allowing the observation of the rotation of part of the
composite after crack formation resulting in diﬀerent strain levels in diﬀerent regions
of the material. Zhu et al. [79] used DIC to verify the accuracy of a linear variable
diﬀerential transformer (LVDT) mounted on the actuator of a servo-hydraulic high
rate testing machine. In both [78] and [79], tensile tests were performed on sisal
ﬁbre reinforced cement composite at strain rates up to 25 s-1, images were acquired
at a frame rate of 10 kHz.
Finally, in their attempt to use Palmetto wood as a template to guide the develop-
ment of more impact resistant polymer composites, Haldar and Bruck [80] used DIC
to measure the ﬂexural strain of a specimen during an impact three-point bending
test, with strain rates up to 100 s-1. the images obtained with a high speed camera
were used to evaluate the projectile velocity, as well as the strains.
Even less application of the GM to FRP testing at high speed can be found in the
literature. Moulart et al. [81] and [21] used a Cordin 550-62 rotating mirror ultra
high speed camera to apply the GM to GFRP specimens tested in a SHB and to
identify the dynamic material stiﬀness.
3.4.3 Data synchronisation
For the high speed tensile tests a major challenge is the synchronisation of the data
collected from independent systems, i.e. strain gauge, Instron VHS and cameras.
Various experimental set-up have been tried in the early stages of this project, as
describe in Crump et al. [82]. The schematic of the experimental set-up used to
perform the tests presented in this research is shown in Figure 3.19.
77Figure 3.19: Schematic of the experimental set-up
In this conﬁguration a pulse generator is used to generate a triggering signal that
works as time-zero for the two systems. The actuator displacement signal is sent to
the pulse generator, when a certain displacement is reached, i.e. the slack adaptor is
about to engage, the pulse generator sends a triggering signal that starts the Instron
VHS data recording system and the camera at the same time. In this way, knowing
the sampling frequency of the two systems is possible to associate the image, and
therefore the calculated strain, with the corresponding load.
One channel of VHS data acquisition system is used to record the the strain gauge
signal, previously conditioned using a Vishay 2311 signal ampliﬁer. A single strain
gauge is used in a quarter Wheatstone bridge conﬁguration to measure the tensile
strains.
3.4.4 Illumination
The three diﬀerent illumination systems described in Section 2.2.1 are here com-
pared in terms of suitability to perform consistent and repeatable high speed tests.
A simple experiment has been run illuminating one CFRP and one GFRP uni-
directional specimen equipped with a Vishay CEA-06-240UZ-120 strain gauge. The
78surface of the specimen has been prepared with a DIC speckle pattern. The tem-
perature variation of the air around the specimen has also been recorded using a
thermocouple. The results of the experiment run using three halogen light placed
at a distance that assures a correct illumination of the specimens for high speed
imaging are shown in Figure 3.20. The results for the ﬁbre optic illuminators and
the LED light are not reported as no signiﬁcant increase in the temperature and
strain drift have been recorded.
Figure 3.20: Thermal eﬀects of the illumination with halogen light.
The temperature rapidly increases after the halogen lights are switched on, as
shown by the red line in Figure 3.20. This leads to a heating of the specimens,
dependent on the heat absorption factor of the material, that modiﬁes the beha-
viour of the material itself. Furthermore a temperature dependent strain drift can
be observed, this is cause in ﬁrst instance by the heating of the strain gauge, and by
the thermal expansion of the material. The usage of halogen lamps therefore aﬀects
the experimental results as it modiﬁes the material behaviour and causes incorrect
strain measurements. As it is not possible to control the time interval that the spe-
cimen is exposed to the illumination before the test is run and as the temperature
varies during the experiment itself the halogen lights are not suitable to illuminate
the specimens during high speed tensile tests. Moreover the halogen lights heat up
the air between the cameras and the specimen, which causes the refractive index of
the air to change, generating a distortion in the acquired images.
The considerations about the light positioning drawn in Section 2.3.4 are ap-
plied to high frame rate image acquisition using the cold light sources described in
Section 2.2.1.
79The high-speed test set-up with Schott KL 1500 ﬁbre optic illuminator for 2D
DIC and GM is shown in Figure 3.21.
Figure 3.21: Schematic of the experimental set-up for 2D DIC and GM on Instron VHS
with ﬁbre optic illuminator
As explained above the ﬁbre optic illuminator ensures that no heat is transferred
to the specimen, the light source is placed outside the testing area therefore no heat
waves aﬀect the imaging process.
The high-speed test set-up with LED light for Stereo DIC is shown in Figure 3.22.
Figure 3.22: Schematic of the experimental set-up for Stereo DIC on Instron VHS with
LED light
80When positioning the LED light it must be taken into account that the heat-sinks
of the illuminating system might produce heat waves that can distort the images.
Therefore the light must be put in a position that does not interferes with the ima-
ging process.
3.4.5 Final considerations
Among the parameters that have to be taken into account when collecting images
for strain measurement three have particular relevance when performing high speed
imaging:
• Resolution and frame rate compromise: the images have to be acquired with a
suﬃcient resolution to perform image analysis but at a frame rate that allows
useful stress-strain curves to be drawn.
• Shutter speed: the exposure time must be calibrated in such a way that allows
sharp images to be acquired but also with an appropriate grey scale distribu-
tion to perform image analysis.
• Illumination: the fast shutter speed and the need of an aperture diameter that
ensures a deep DOF make necessary to provide an illumination intense enough
to acquire images with a correct grey scale distribution.
To maximise the quality of the images, it is suggested to use the most intense
illumination possible and adjust the grey scale distribution by reducing the shutter
speed and the lens aperture diameter.
3.5 Conclusion
The best solution for loading the specimen at high strain rate has been identiﬁed
as the slack adaptor, that allows reproducible results to be obtained and avoids the
experimental uncertainties introduced by the fast jaw system. Furthermore a novel
manufacturing technique that allows the production of co-cured end-tab specimens
suitable for high strain rate testing has been devised. The data synchronisation
issues have been tackled and solved alongside the deﬁnition of an illumination system
that ensures an unbiased behaviour of the specimen. The following guide lines can
be given:
• The Slack adaptor system ensures a better loading of the specimen and reduces
the out of plane movement of the specimen;
81• To avoid the load cell ringing the eﬀect of the end-tabs debonding must be
eliminated using co-cured end-tab specimens;
• The pulse generator is a valuable instrument to guarantee a good data syn-
chronisation and reliable stress-strain curves;
• As much as regards the image acquisition:
– It is recommended to try to maximise the sampling frequency of the data
acquisition system and the camera frame rate;
– It is necessary to reach the right compromise between the spatial and the
temporal resolution of the camera;
– A high intensity cold light source reduces the alteration of the material
behaviour and allows to set-up the camera to obtain a deep DOF and a
fast shutter speed.
824 Experimental methodology
validation through material
characterisation
4.1 Introduction
The experimental methodology developed in the previous chapter is validated here
through the identiﬁcation of the longitudinal elastic modulus E11 of GFRP speci-
mens. The experimental guidelines developed in Section 3.5 are here applied to
a series of characterisation tests that rely on DIC and GM to measure the strain.
Three diﬀerent sets of specimen are used:
• Dual-technique specimens, with half of the surface prepared for DIC and half
for the GM. These allow to directly compare the accuracy of the two strain
measurement techniques while evaluating the out of plane movement of the
specimen and its impact on the measurement error with Stereo DIC.
• DIC only specimens.
• GM only specimens.
The last two are used, in the same testing campaign, to compare the DIC and the
GM in terms of data quality and user friendliness. The output of the tests are
ﬁnally used to inform a model of the strain rate dependent behaviour of the GFRP
material.
4.2 Experimental work
The results of the two diﬀerent test campaigns, the one on the dual-technique spe-
cimens and the one on the DIC-GM only specimens, are presented. These are based
on the same experimental set-up and the same specimen characteristics. Ultimately,
the two experimental campaigns share the same aim to retrieve the Young’s modulus
of the investigated GFRP material.
834.2.1 Specimens preparation
The specimens are manufactured with MTM28-1/E-GLASS-200-32%RW (Advanced
Composites Group - Umeco) pre-preg material stacked in a unidirectional lay-up and
cured accordingly to the manufacturer’s speciﬁcation. A schematic of the specimen
with the reference system used in this chapter is shown in Figure 4.1.
Figure 4.1: GFRP specimen and reference system
The dual-technique specimens have width of 15 mm while the DIC and GM spe-
cimens of 20 mm.
A Vishay CEA-06-240UZ-120 type strain gauge was bonded in the centre of the
gauge area of each specimen. This kind of gauge is a standard strain gauge that can
withstand strains up to 3-5% and are made of a 6 mm active grid on a polyimide
backing. To ensure a correct adhesion between the strain gauge and the specimen
the bonding surface was prepared accordingly to the strain gauge manufacturer’s
directions and bonded using a cyanacrilate based adhesive.
The number of specimens tested and the relative actuator speed are summarised
in Table 4.1.
Table 4.1: GFRP specimens and actuator speed
Specimen Number of Actuator speed
type tested specimens [m/s]
4 0.001
Dual-technique 4 1
4 3
2 Quasi-static
Only 4 0.008
DIC 4 2
4 8
2 Quasi-static
Only 4 0.008
GM 4 2
4 8
84A dual-technique specimens is shown in Figure 4.2.
Figure 4.2: Dual-technique DIC-GM specimen
In Table 4.2 the surface preparation and the test set-up time for DIC and GM
specimen are summarised.
Table 4.2: Experimental time
Task Time [min]
DIC
Speckle pattern application 10
Calibration images acquisition 15
Specimen alignment 5
Total 30
Grid Method
Grid-specimen alignment 30
Epoxy resin curing 2400
Specimen alignment 15
Total 2445
The preparation of the specimens for the GM is both more labour intensive and
time consuming. Beside the time required to cure the epoxy resin to transfer the
grid on the specimen, it is necessary to align the grid to the specimen edge to make
sure that the grid lines are parallel and perpendicular to the deformation directions.
Beside this it can happen that the grid is not correctly transferred to the specimen
surface, as shown in Figure 4.3, creating areas where the deformation cannot be
evaluated.
Figure 4.3: Grid transfer defects
85Furthermore when each specimen is gripped on the machine it is necessary to
control that the grid is sampled by an exact number of pixels and it is aligned
with the array of pixels of the imaging sensor, as described in Section 2.4.5. When
preparing the speckled surface of the specimen there is no risk of not covering the
whole specimen surface, if the speckle pattern is not satisfactory it is always possible
to clean the specimen surface and repaint it. The only delicate operation involved
in the preparation of a DIC experiment, particularly for Stereo DIC, is to correctly
acquire the images required for the calibration.
4.2.2 Experimental set-up
Dual-technique specimens
The general experimental set-up was the one described in Section 3.4.3 by Figure
3.19. The set-up was modiﬁed to control two sets of cameras to measure the strain,
arranged as shown in Figure 4.4:
1. A pair of Photron SA1 operated at a frame rate of 10 kHz and with a resolution
of 1024 x 512 pixel for Stereo DIC.
2. A Photorn SA3 operated at a frame rate of 5 kHz and with a resolution of
1024 x 128 pixel used for the 2D DIC and the GM.
White light was provided by the Fiber-Lite PL-900 ﬁbre optic illuminator described
in Section 2.2.1.
Figure 4.4: Cameras set-up for dual-technique DIC-GM specimens
Furthermore the strain was also measured using strain gauges. A Vishay 2311 sig-
nal ampliﬁer and the Instron VHS data acquisition system, operated at a sampling
86frequency of 100 kHz, were used to record the strain gauge signal.
The main characteristics of the used techniques are summarised in Tables 4.3, 4.4
and 4.5.
Table 4.3: Stereo DIC characteristics
Technique used DIC
Subset size 31 x 31 pixels
Step size 10 pixels
Camera Photron SA1, 8-bit
Lens Nikkor 28-105mm f/3.5-4.5D
Resolution 1024 x 512 pixels
Field of view 112 x 56 mm
Frame rate 10 kHz
Spatial resolution 1.09 mm
Displacement resolution 0.0015 pixel
Strain resolution 33 µe
Table 4.4: 2D DIC characteristics
Technique used DIC
Subset size 15 x 15 pixels
Step size 15 pixels
Camera Photron SA3, 8-bit
Lens Nikkor 28-105mm f/3.5-4.5D
Resolution 1024 x 128 pixels
Field of view 13 x 104 mm
Frame rate 5 kHz
Spatial resolution 1.52 mm
Displacement resolution 0.0036 pixel
Strain resolution 155 µe
87Table 4.5: GM characteristics
Technique used GM
Grid Pitch 0.254 mm
Sampling 5 pixel per period
Camera Photron SA3, 8-bit
Lens Nikkor 28-105mm f/3.5-4.5D
Resolution 1024 x 128 pixels
Field of view 13 x 104 mm
Frame rate 5 kHz
Spatial resolution 0.51 mm
Smoothing radius 13
Displacement resolution 0.0039 pixel
Strain resolution 477 µe
For the 2D DIC the interrogation cell size was chosen to maximise the number
of available data points, the interrogation cell overlapping to resemble the post-
processing characteristics of the GM that does not consider any overlapping in the
measurement points. The 2D strain measurement techniques, i.e. the 2D DIC and
GM have comparable strain resolution.
DIC and GM only
The general experimental set-up was the one described in Section 3.4.3 by Figure
3.19. The images were taking using a single Photron SA1 high speed camera op-
erated at a sampling rate of 20 kHz. White light was provided by the Fiber-Lite
PL-900 ﬁbre optic illuminator described in Section 2.2.1.
The main characteristics of the used techniques are summarised in Tables 4.6 and
4.7.
Table 4.6: DIC characteristics
Technique used DIC
Subset size 16 x 16 pixels
Step size 16 pixels
Camera Photron SA1, 8-bit
Lens Nikkor 28-105mm f/3.5-4.5D
Resolution 1024 x 192 pixels
Field of view 115 x 17 mm
Frame rate 20 kHz
Spatial Resolution 1.46 mm
Displacement resolution 0.0042
Strain resolution 127 µe
88Table 4.7: GM characteristics
Technique used GM
Grid Pitch 0.254 mm
Sampling 5 pixel per period
Camera Photron SA1, 8-bit
Lens Nikkor 28-105mm f/3.5-4.5D
Resolution 1280 x 192 pixels
Field of view 115 x 17 mm
Frame rate 20 kHz
Spatial resolution 0.51 mm
Smoothing radius 13
Displacement resolution 0.0026
Strain resolution 476 µe
In this case the DIC post-processing parameters were modiﬁed to try to achieve
a spatial resolution and a number of data point that is as close as possible to the
values obtainable with the GM measurements.
A comparison of the two 2D strain measurement methodologies leads to conclude
that, even if the GM is more labour intensive and time consuming both during the
preparation of the specimens and in the set-up of the experiments, as explained in
Section 4.2.1, it allows to obtain a higher number of data points, i.e. higher spatial
resolution.
894.2.3 Experimental results
Dual-technique specimens: stress-strain graphs
Examples of the stress-strain curves obtained with the diﬀerent optical strain meas-
urement techniques are presented below. Figures 4.5 to 4.7 show the curves obtained
for actuator displacement speed of 1 mm/s, 1m/s and 3 m/s.
Figure 4.5: Stress-strain curves from dual-technique specimens
for actuator displacement speed of 1 mm/s
Figure 4.6: Stress-strain curves from dual-technique specimens
for actuator displacement speed of 1 m/s
90Figure 4.7: Stress-strain curves from dual-technique specimens
for actuator displacement speed of 3 m/s
DIC and GM only: stress-strain graphs
Figure 4.8 to 4.10 show the stress-strain curves from the DIC and the GM data
obtained for actuator displacement speed of 8 mm/s, 2 and 8 m/s.
Figure 4.8: Stress-strain curve from DIC and GM data
for actuator displacement speed of 8 mm/s
91Figure 4.9: Stress-strain curve from DIC and GM data
for actuator displacement speed of 2 m/s
Figure 4.10: Stress-strain curve from DIC and GM data
for actuator displacement speed of 8 m/s
92Results summary
The maximum out of plane movement evaluated with the Stereo DIC on the dual-
technique specimens are summarised in Table 4.8. Knowing that the distance the
between the specimen and the imaging sensor is 1250 mm, it was possible to evaluate
the parasitic strain caused by the out of plane movement with Equation 2.10 of
Section 2.5, recalled below:
parasitic =
dz
z
(4.1)
Where dz is the out of plane movement and z is the stand-oﬀ imaging distance.
The parasitic strain values are comparable with the strain resolution of the two
2D strain measurement techniques, and therefore the out of plane movement does
not aﬀect the strain measurement and the Young’s modulus evaluation.
The Young’s moduli obtained from the dual-technique specimens test campaign
are summarised in Table 4.9, that allows to draw the following conclusions:
• The two 2D methods, DIC and GM, are in good agreement between each
other, with a global CV lower than 0.75%.
• The results from the 2D methods are also in good agreement with the Stereo
DIC, with a global CV lower than 0.75%.
• All the results are conﬁrmed by the strain gauge readings.
The Young’s moduli obtained from the DIC-GM only specimens test campaign
are summarised in Table 4.10.
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96The developed experimental methodology is a suitable means to study the strain
rate dependent behaviour of FRP. The full-ﬁeld strain measurement techniques oﬀer
a reliable mean to characterise the material behaviour at high strain rate. The slack
adaptor, causes a limited out of plane movement of the specimen, that does not
inﬂuence the results of 2D full-ﬁeld strain measurement techniques. The co-cured
end-tab allowed to avoid the load cell ringing and to obtain stress-strain curves suit-
able for material characterisation, as explained in Section 3.3.3. Also the cold light
sources allowed to reduce the eﬀect on the material behaviour of the illumination
needed to perform full-ﬁeld strain measurement techniques, as explained in Sec-
tion 3.4.4. Furthermore the low coeﬃcients of variation in Tables 4.9 and 4.10 are
indicative of a good repeatability of the results obtainable with this experimental
methodology. Moreover the two experimental campaign, dual-technique specimens
and DIC-GM only specimens, conducted in two diﬀerent times, lead to comparable
results. This also proves the reproducibility of the results obtainable with the ex-
perimental methodology developed in this research.
It is possible to observe a trend in the Young’s modulus value with the increase
of the actuator displacement speed. The value constantly increases with the incre-
ment of the strain rate. These results are in agreement with the literature, and in
particular with the work of Shokrieh and Omidi [48] and [49], presented in Section
3.2. These results will be further discussed in Section 4.3.1.
The results presented in Tables 4.9 and 4.10 will be used in Section 4.3.2 to
describe the strain rate dependent behaviour of the studied GFRP material.
4.2.4 Full-ﬁeld maps
From the images of specimens prepared with grids or speckle patterns, it is possible
not only to obtain strain values to draw the stress-strain curves and characterise the
behaviour of the material, but also to further analyse the behaviour of the specimen
during the loading process. Unlike the traditional strain measurement techniques,
it is possible to observe the eﬀects of the loading over the whole specimen surface.
Strain gauges, in fact, only allow to obtain punctual informations from the location
where they are bonded. With full-ﬁeld strain measurement optical techniques, it is
possible to observe the deformation of the whole specimen while the load is applied.
The displacement maps allow the evaluation of the strain maps. From the strain
maps it is possible to obtain strain rate maps. The importance of these results for
the experimental methodology deﬁnition and the analysis of the data is described
below. Further discussion about the information that full-ﬁeld data allows to obtain
97will be presented in Section 5.4.4.
Displacement maps
Example of displacement maps obtained from 2D DIC and GM are shown in Figures
4.11 to 4.14 along with a schematic representing the surface area where the data are
extracted.
Figure 4.11: Longitudinal displacement maps from DIC
for 2 m/s actuator displacement speed
Figure 4.12: Longitudinal displacement maps from DIC
for 8 m/s actuator displacement speed
98Figure 4.13: Longitudinal displacement maps from GM
for 2 m/s actuator displacement speed
Figure 4.14: Longitudinal displacement maps from GM
for 8 m/s actuator displacement speed
From the displacement map it is possible to observe how the specimen is deform-
ing while loaded: this allows to understand if the specimen is loaded correctly. In
this particular case the iso-displacement lines, i.e. the area where the displacement
are identical, are expectable to be parallel between each other and perpendicular
to the specimen edge. This can be observed in Figures 4.11 to 4.14, therefore the
specimen is correctly loaded. This allows to conclude that the experimental set-up,
and in particular the slack adaptor system, is well suited to perform high speed
tensile tests for Young’s modulus characterisation.
99Strain maps
Representative strain maps, that are directly derived from the displacement with
a spatial diﬀerentiation, are shown in Figures 4.15 to 4.18 along with the relative
position on the stress-strain curve.
Figure 4.15: Longitudinal strain maps from DIC
for 2 m/s actuator displacement speed
Figure 4.16: Longitudinal strain maps from DIC
for 8 m/s actuator displacement speed
100Figure 4.17: Longitudinal strain maps from GM
for 2 m/s actuator displacement speed
Figure 4.18: Longitudinal strain maps from GM
for 8 m/s actuator displacement speed
The grey areas in the maps represents areas where the data are discarded as
outliers, in particular because grid defects made impossible to calculate the strain.
In the strain maps calculated with the GM the outlier region grows with the strain as
the temporal phase unwrapping increases the data nosiness. It can be observed that
the strain ﬁeld is uniform over the specimen surface. This allows to conﬁrm that
the averaging of the strain over the whole specimen surface is a suitable procedure
to identify the strain values to draw the stress-strain curve. Comparing the maps
obtained with DIC and the GM, it is evident that the latter, thanks to its higher
spatial resolution, allows to obtain a higher number of data points.
101Strain rate maps
The strain rate maps, that are directly derived from the strain with a temporal
diﬀerentiation, are shown in Figures 4.19 to 4.22 along with the relative position on
the strain-strain rate curve.
Figure 4.19: Longitudinal strain rate maps from DIC
for 2 m/s actuator displacement speed
Figure 4.20: Longitudinal strain rate maps from DIC
for 8 m/s actuator displacement speed
102Figure 4.21: Longitudinal strain rate maps from GM
for 2 m/s actuator displacement speed
Figure 4.22: Longitudinal strain rate maps from GM
for 8 m/s actuator displacement speed
The strain rate maps are strongly aﬀected by the noisiness induced by the tem-
poral diﬀerentiation, therefore the general appearance of the map is more noisy and
a higher number of outliers is identiﬁable. High noisiness is particularly evident
for Figure 4.21 (GM at 2 m/s actuator displacement speed), this can be explained
considering the high spatial resolution of GM and the fact that the strain diﬀerence
between to consecutive images is minimal. It can be observed that, considering
the noisiness introduced by the diﬀerentiation, the strain rate ﬁeld is approxim-
ately uniform over the specimen surface. This is another proof of the suitability of
the developed experimental technique. However the strain rate is not uniform over
the duration time of the experiment. Strain-strain rate curve, calculated from the
average over the data area, are shown in Figures 4.23 and 4.24.
103Figure 4.23: Strain rate graph for 2 m/s actuator speed
Figure 4.24: Strain rate graph for 8 m/s actuator speed
It has to be remarked that the strain rate curves calculated as average of the strain
rate maps and the ones obtained from the temporal diﬀerentiation of the average
values of the strain maps are superimposable. The non uniformity of the strain
rate over the test duration is attributable to the working mechanism of the slack
adaptor, described in Section 3.3.2. When the external cylinder, attached to the
actuator that is travelling at the desired speed, engages with the inner plunger the
latter needs to accelerate. The problem of the inertia of the gripping and loading
device, is common in the literature, [50]. Observing Figures 4.23 and 4.24 it appears
evident that it is not possible to identify a characteristic strain rate for the tests, it is
therefore more appropriate to talk about nominal strain rate that can be calculated
104with the formula:
˙  =
V
L
(4.2)
where V is the actuator displacement speed and L is the specimen gauge length.
The obtained nominal strain rate values will be used in Section 4.3.2 to model the
material behaviour.
4.3 Data analysis and modelling
4.3.1 Statistical analysis
The obtained Young’s moduli are presented in Figure 4.11 as function of the nominal
strain rate.
Figure 4.25: Obtained Young’s moduli as function of the nominal strain rate
The average of the Young’s moduli obtained with the diﬀerent strain measurement
techniques are summarised in Table 4.11 as function of the nominal strain rate.
Table 4.11: Young’s moduli in GPa as function of the nominal strain rate
Nominal strain rate [s-1]
Measurement Quasi 0.01 0.08 10 20 30 80
Technique Static
2D DIC 38.6 39.2 39.0 42.4 42.6 42.8 43.0
Stereo DIC - 38.8 - 42.4 - 42.6 -
GM 36.6 38.9 39.7 42.1 42.5 42.5 43.0
Strain Gauge 38.3 39.0 39.6 42.3 42.6 42.6 43.1
Figure 4.25 suggests an increase of the Young’s modulus with the strain rate. It is
necessary to conduct a study to establish if the diﬀerence between the mean values of
the Young’s moduli calculated at the diﬀerent strain rates is statistically signiﬁcant.
105This is done using the Kruskal-Wallis test [83], a non-parametric method for testing
whether samples originate from the same distribution. Two analysis are performed:
• Low vs. intermediate strain rate The data are organised in two set, as shown
in Figure 4.26, one for the low strain rate below 10-1 s-1, in red in Figure 4.26,
and one for intermediate strain between 101 and 102 s-1, in green in Figure
4.26.
Figure 4.26: Data sets for low vs. intermediate strain rate results statistical analysis
The analysis allows to conclude that there is a statistically signiﬁcant increase
in E11 value between the low and the intermediate strain rate region. This
can be attributable to the activation of diﬀerent deformation mechanism of
the polymeric matrix that becomes stiﬀer when the load rate is increased.
• In the intermediate strain rate region The Young’s moduli obtained in the in-
termediate strain rates range, between 101 and 102 s-1, shown in Figure 4.27,
are compared between each other to study if the is a statistically signiﬁcant
diﬀerence between the results obtained at diﬀerent nominal strain rate.
106Figure 4.27: Data sets intermediate strain rate results statistical analysis
The results of the analysis are summarised in Table 4.12
Table 4.12: Statistically signiﬁcant diﬀerence between Young’s moduli results at
intermediate strain rate
Nominal
strain rate 10 20 30 80
[s-1]
10 - No No Yes
20 No - No Yes
30 No No - No
80 Yes Yes No -
The only set of results that can be considered statistically diﬀerent from the
others is the one relative to the 80 s-1. Therefore, in the strain rate between
between 101 and 102, it is only possible to speculate about an increase of the
modulus. This imply that the deformation mechanism is the same in this
strain rate region.
4.3.2 Material strain rate dependent tensile behaviour modelling
The results obtained from the tests presented in Section 4.2.3 are used to model the
strain rate dependent behaviour of the Young’s modulus of the GFRP used here.
Accordingly to the results presented in the literature review in Section 3.2, E11
slightly increases with the nominal strain rate. The regression function described in
Equation 3.1 (Section 3.2) proposed by Shokrieh and Omidi in [48], is used here to
describe the strain rate dependence of E11, Equation 4.3:
E11 (˙ ) = α + β˙ 
χ (4.3)
107where α, β, and χ are material constants,  is the strain and ˙  is the nominal strain
rate calculated with Equation 4.2.
Several computational runs were performed using diﬀerent sets of initial ﬁtting para-
meters. The material constants converged to the values summarised in Table 4.13
and shown in Figure 4.28.
Figure 4.28: Strain rate dependence of Young’s modulus
Table 4.13: Material constants for curve ﬁtting describing Young’s modulus behaviour
Constant Value
α [GPa] 37.1
β [GPa·s] 3.60
χ 0.126
The coeﬃcient of correlation R2 is 0.986.
The shape of the ﬁtting curve and the obtained material constants are in agreement
with the ones obtained by Shokrieh and Omidi in [48] and [51]: the constant α is
close to the quasi-static value of Young’s modulus, while β and χ are representative
of its strain rate dependence. In particular, β deﬁnes the rate of growth of the
considered properties, while χ represents the curvature of the regression function.
4.4 Summary
The experimental methodology developed in this research was successfully applied
to characterise the behaviour of GFRP unidirectional laminate subjected to deform-
ation at diﬀerent strain rates. This methodology allows to obtain repeatable and
reproducible data.
108The optical techniques results have been validated with strain gauge measure-
ments. The deformation and strain resolution and the spatial resolution of the two
methods have been compared: at the same resolution the GM oﬀers a higher spatial
resolution and therefore a higher number of data point to characterise the material
behaviour. It must be anyway remarked that the specimen preparation and the
experiment set-up time required to perform the GM is signiﬁcantly higher than the
one required for DIC. Furthermore the grid deposition process is laborious and quite
often leads to unsatisfactory results. It can be concluded that, even if on one side
the GM is a good optical full-ﬁeld strain measurement technique, thanks to its high
spatial resolution, it can hardly be seen as an eﬃcient technique for the kind of
material characterisation tests used in this research. The beneﬁts of the full-ﬁeld
optical techniques were demonstrated showing the information that can be retrieved
and how can be applied in the data interpretation. Moreover it can be foreseen the
application of the developed experimental methodology to specimen that allow to
obtain a non uniform stress-strain state, such as Brazilian disk or T-shaped speci-
men, and therefore to retrieve more than one material property with a single test.
This will also make the GM a useful full-ﬁeld strain measurement techniques, thanks
to the higher spatial resolution achievable.
Finally the obtained results were ﬁtted with a regression function that was proven
to be suitable to describe the strain rate dependence of the longitudinal tensile mod-
ulus of the material.
1095 Strain rate dependence
identiﬁcation of Carbon Fibre
Reinforced Plastics stiﬀness
5.1 Introduction
An experimental methodology has been devised and applied to determine the tensile
longitudinal modulus of GFRP material in the previous chapter. In this chapter a
methodology for the full study of the strain rate dependent constitutive behaviour of
FRP material is devised. The methodology described so far can be used to identify
E11 and E22. The selection of testing procedure suitable to identify G12 applicable
to the available resources and the developed experimental methodology is more chal-
lenging.
Several techniques are available for the characterisation of the intralaminar shear
behaviour of unidirectional ﬁbre composites. The three point bending test [84] ad-
dresses mainly the identiﬁcation of the inter-laminar shear strength and causes a
non uniform shear stress distribution through the specimen thickness. Other stand-
ardised methodology are the rail shear test [85], and the V-notched specimen rail
shear test [86]. In this case the testing rig used to perform the test causes a pre-
mature failure of the specimen, promoted by the presence of holes in the test plate.
The Iosipescu double V-notched beam test [87] can also be used to identify both the
shear stress/strain response and the ultimate strength and strain. This methodology
requires a complex ﬁxture to correctly load the specimen. Tensile tests on ±45◦ spe-
cimen [88] can also be used to identify the in-plane shear modulus and the ultimate
stress and strain of the laminate. However these kind of tests leads to a complex
fracture that does not allow the identiﬁcation of the ply failure point. Another
methodology is the thin tube subject to torsion, [89] and [90]. This methodology
requires an expensive and time consuming specimen preparation that, in general, is
not representative of the manufactured material. Furthermore there are diﬃculties
in the correct application of the load and, generally, curved surfaces are diﬃcult to
image correctly for full-ﬁeld optical strain measurement purposes. Ultimately all the
111standardised methods are hardly usable with Instron VHS. For example rail shear
tests and Iosipescu tests require complex ﬁxtures, diﬃcult to be integrated with the
slack adaptor. The oﬀ-axis tensile test technique [91], that was developed in the
late seventies, is deemed to be suitable to identify the in-plane shear properties of
composite material with the aid of full-ﬁeld optical strain measurement techniques
and with the available testing machines. The specimen geometry is the same as
the one used to identify E11 and E22, allowing the use of the same ﬁxture for all
the characterisation tests. The use of oblique end-tab mitigates the eﬀects of the
stress concentration in proximity of the end-tabs, as discussed below. Furthermore
the specimen dimensions are suitable to perform high speed imaging and obtain a
suitable number of data points as it is similar to what is developed in Chapter 4.
The methodology used here to achieve a precise material characterisation from
tensile tests is as follows:
1. Preliminary tests:
• Tensile test at 0◦ ﬁbre orientation to identify E11 and ν12;
• Tensile test at 90◦ ﬁbre orientation to identify E22;
• Oﬀ-axis tensile test with square end-tabs to estimate G12. Pierron et
al. [92] recommended a procedure consisting of preliminary test using
straight tabs to estimate the shear modulus before using oblique tabs.
2. Optimised oﬀ-axis tensile test with oblique end-tabs to identify G12. The
preliminary results obtained from the previous step are used to deﬁne the
end-tab and the optimal oﬀ-axis angle.
This procedure can be applied for FRP materials characterisation at diﬀerent strain-
rates.
The theoretical background of the oﬀ-axis tensile tests for FRP material charac-
terisation and the relevant literature are presented in Section 5.2. Particularly in
Section 5.2.1 the use of oblique end-tab to mitigate the eﬀects of the stress concen-
tration in proximity of the end-tabs is discussed.
In Section 5.3 a preliminary study of the specimen design is presented with the
aims of:
• Deﬁning the preliminary oﬀ-axis angle for FRP of various type.
• Deﬁning the impact of an incorrect estimation of the oblique end-tab angle on
the G12 identiﬁcation.
112• Deﬁning the impact of an inaccurate oﬀ-axis specimen manufacturing on the
G12 identiﬁcation.
In Section 5.4 the values of E11, E22 and G12 of a CFRP material are reported for
a strain rate range from quasi static to about 102 s-1.
These values are then used in Section 5.5 to inform a model of the strain rate
dependent behaviour of the considered CFRP material.
5.2 Theoretical background
The oﬀ-axis test was ﬁrst introduced by Chamis and Sinclair, [91], who observed
that a bi-axial state of stress, consisting of the combination of a tensile, transverse
and shear stress state, is present in ﬁbrous composite materials when an oﬀ-axis
unidirectional specimen is subject to a uni-axial load, Figure 5.1.
Figure 5.1: Oﬀ-axis tensile test schematic and representation of the biaxial stress state
from [93]
113The idea is to orientate the oﬀ-axis angle in such a way that the shear stress is the
only one close to its critical value. From force equilibrium considerations the stresses
in the ply, or material, orientation (σ11, σ22 and σ12) are identiﬁed as function of
the oﬀ-axis angle ϑ and applied stress σxx:
σ11 = σxx cos
2 ϑ
σ22 = σxx sin
2 ϑ
σ12 =
1
2
σxx sin2ϑ
(5.1)
The authors assessed how sensitive the material axes strains (11, 22 and 12) and
stresses (σ11, σ22 and σ12) are to small errors in the load-orientation angle by plotting
these, normalised by xx and σxx against the orientation angle, as shown in Figures
5.2 and 5.3:
Figure 5.2: Variation of the strain in the material axes against the load direction from
[93]
114Figure 5.3: Variation of the stress in the material axes against the load direction from
[93]
The authors then conducted a series of experiments on Mod-I/epoxy, T-300/epoxy,
and S-glass/epoxy specimens instrumented with a strain gauge rosette to devise a
procedure for generating the intralaminar shear stress-strain curve, that can be gen-
eralised as follows:
1. Calculate the strains in the specimen axes, xx, yy and γxy, from the strains
given by a strain gauge rosette. The authors describe the use of a 60◦ delta
rosette or a 0-45-90◦ rosette.
2. Calculate the intralaminar shear strain in the material axes by rotating the
strains obtained in the specimen axes;
3. Calculate the ply intralaminar shear stress in the material axes, σ12, using
Equation 5.1;
4. Plot σ12 against γ12.
The initial shear modulus is determined from the slope of the initial tangent to
the plotted stress-strain curve. The tangent shear modulus at any other point is
determined from the slope of the tangent to the curve at that point. The material
intralaminar shear strength and failure strain are the values of σ12 and γ12 at frac-
ture. The authors concluded that the 10◦ oﬀ-axis tensile test should be considered as
a possible standard test for characterizing the intralaminar shear properties of uni-
directional ﬁbre composites. Compared to other methodologies, the oﬀ-axis tensile
test oﬀers several advantages:
• Use of a familiar tensile test procedure and equipment;
115• Use of thin, narrow laminate specimens which save considerable material com-
pared to thin tubes in torsion or other standardised methodologies;
• Specimens can be obtained from the same laminate as test specimens for lon-
gitudinal and transverse properties characterisation;
• Specimens are free of lamination residual stresses in contrast to the ±45◦
specimen.
The conclusions made by Chamis and Sinclair that have a high impact on the
research work presented here are:
• Specimens are suitable for dynamic and impact loading characterization;
• The test yields the following oﬀ-axis properties:
– Shear modulus;
– Shear strength;
– Coupling between extensional and shear deformations.
• The specimen can be successfully used for high strain rate intralaminar shear
characterization;
The disadvantages reported by the authors in [91] which can now be easily solved
with full-ﬁeld optical techniques are:
• Need to measure the three strain components per data point;
• High precision required in the alignment of the strain gage rosette on the
specimen.
5.2.1 Oblique end-tabs
The extension-shear coupling existing in anisotropic materials produces the de-
formed shape shown in Figure 5.4 a), which causes rotations and transverse strains
at the extremities of the specimen. The deformed shape in a test with regular
gripping system would have the form represented in Figure 5.4 b).
116Figure 5.4: Schematic representation of oﬀ-axis specimen deformed shape as in [94]:
a) Ideal
b) Clamped ends
The main problem related to the use of oﬀ-axis tensile test on uni-directional
composite materials to characterise the shear properties with oﬀ axis specimens was
identiﬁed by Pagano and Halpin [95], and Rizzo [96] in the constraints imposed by
the gripping system. Pagano and Halpin attributed the main cause of the non ideal
deformed shape to the restriction of the lateral strain, while Rizzo attributed it to
the restriction of the rotations at the extremities of the specimen. The solutions
proposed in the literature can be divided in two radically diﬀerent approaches, as
done by Mar´ ın et al. [94]:
• The use of correction factors during the data post processing.
• The use of manufacturing and testing expedients to mitigate the stress con-
centration while performing the test.
Pindera and Herakovich [97] obtained an analytical formula to correct the ap-
parent shear modulus through a tensile test performed with a gripping system that
allowed the rotation of the specimen ends. Mar´ ın et al., [94] and [98], presented a
detailed review of the most signiﬁcant works on the oﬀ-axis tests assessing the ob-
tained results and devised new approach together with numerical and experimental
studies. Also Mujika [99] proposed two analytical approaches to correct the exper-
imental results. Even if these methodologies are well proved and suitable for the
shear characterisation it is believed that simpler approaches are those that allow a
uniform strain ﬁeld in the gauge area to be obtained through a conveniently designed
specimen.
Various approaches have been suggested for the test set-up or for the specimen
preparation in order to achieve a uniform stress-strain ﬁeld in the gauge area. The
simplest, but impractical especially if applied to full-ﬁeld stain measurement tech-
niques, is to use high aspect ratio specimens with very long and tapered end-tabs,
117[100] and [101]. It is worth remembering once again the work of Pindera and
Herakovich [97] who suggested the use of rotating grips coupled with correction
factors. Chang et al. [102] proposed the use of pinned-end ﬁxtures, a solution also
used by Xiao et al., [103], to devise an integrated method suitable for oﬀ-axis ten-
sion and compression testing of unidirectional composites for intra-laminar shear
characterization. Another proposed methodology aimed at the achievement of a
uniform stress-strain state in the gauge area can be found in the work by Sun and
Berreth [104] who used ﬁbreglass knit and silicon rubber end-tabs to allow the shear
deformation of the clamped section of the specimen. The most appealing solution is
the oblique-shaped end-tab that ensures a uniform state of strain and stress in the
gauge length of oﬀ-axis specimens, proposed by Sun and Chung, [105].
The idea of Sun and Chung is to orientate the edge of rigid end-tabs in such a
way that it is parallel to the iso-displacement lines along which the oﬀ-axis deforms
when subject to a uni-axial load. The end-tab angle can be easily deﬁned. The
strain status (xx yy γxy) of an oﬀ-axis uni-directional composite specimen under
uni-axial stress is described by:
xx = Sxxσxx
yy = Syxσxx
γxy = Ssxσxx
(5.2)
where Sab are the compliance coeﬃcients with respect to the x−y coordinate system
deﬁned in Figure 5.1. It is possible to express the displacement as the spatial
integration of strain, considering the constant strain ﬁeld expressed in Equation 5.2,
as:
u = Sxxσxxx + C1y + C3
v = Syxσxxy + C2x + C4
(5.3)
Where u and v are the longitudinal and the transverse displacement respectively
and Cn are arbitrary constants. Considering that the specimen is not undergoing
any rigid body translation C3 and C4 are zero. While imposing the condition that
the transverse edge of the specimen remains parallel to itself it can be written that:
∂v
∂x
= C2 = 0 (5.4)
The remaining constant C1 can be determined by the known shear strain as:
γxy =
∂v
∂x
+
∂u
∂y
= C1 = Ssxσxx (5.5)
118The displacement ﬁeld of Equation 5.3 can be expressed as:
u = Sxxσxxx + Ssxσxxy
v = Syxσxxy
(5.6)
Therefore the longitudinal component of the displacement, u, can be maintained
uniformly along a straight line that satisﬁes the equation:
u0 = (Sxxx + Ssxy)σxx (5.7)
The angle ϕ between the iso-displacement line and the specimen longitudinal edge
therefore is:
cotϕ =
Ssx
Sxx
(5.8)
that represents the angle of the oblique end-tabs that ensures a uniform longitudinal
displacement that causes a uniform stress state in the specimen.
The ﬁnite element analysis and experiments conduct by Sun and Chung in [105]
on carbon/epoxy specimens proved that the oblique end-tab is more suitable than
the conventional rectangular tab for uni-axial oﬀ-axis testing. Pierron and Vautrin
[106] showed that oblique tabs signiﬁcantly increase the failure shear stress localising
the failure in the gauge section through ﬁnite element modelling and experiments
with carbon/epoxy specimens. This work is further developed by Pierron et al. [92]
who showed with full-ﬁeld optical techniques (in this case the GM) that the use
of oblique end-tabs crates a homogeneous strain ﬁeld in the gauge area. Further-
more, with numerical sensitivity study, it was demonstrated that the oblique angle
is not very sensitive to the elastic moduli values. The value of oblique end-tab for
uni-directional composite material shear behaviour characterisation was also demon-
strated by Kawai et al. [107], who concluded that the oblique end-tabs signiﬁcantly
reduce the end-constraint eﬀect and enable the achievement of a homogeneous strain
ﬁeld in specimens of aspect ratio as low as 4 as well as in the non-linear and non-
elastic response region of the material. In the ﬁeld of high strain rate material
behaviour characterisation oﬀ-axis tensile test performed on specimens with oblique
end-tabs were carried on by Taniguchi et al. on a tension-type SHB that deﬁned
the moduli and the strength of CFRP using a strain gauge rosette, [59] and [108].
5.2.2 Summary
The uni-axial oﬀ-axis tensile test methodology proposed by Chamis and Sinclair [91]
in combination with the use of oblique end-tabs, as suggested by Sun and Chung
119[105], is suitable to characterise the shear behaviour of composite materials. This
technique can be easily integrated with the experimental methodology developed
so far. Moreover the type of specimens used for uni-axial oﬀ-axis tensile tests are
suitable for the application of full-ﬁeld strain measurement techniques.
5.3 Specimen design
It is important to understand how the deﬁnition of the oﬀ-axis angle and end-tab
angle aﬀects the correct implementation of the oﬀ-axis tensile test. At this stage
four materials are taken into account: two CFRP and two GFRP. The material
properties are listed in Table 5.1.
Table 5.1: Engineering constants for the analysed materials, from [109]
E11 E22 G12 n12
[GPa] [GPa] [GPa]
CFRP1 137.9 9.0 7.1 0.30
CFRP2 131.0 10.3 6.9 0.22
GFRP1 53.8 17.9 9.0 0.25
GFRP2 38.6 8.3 4.1 0.26
The reference coordinate systems used in this chapter are shown in Figure 5.5,
where ϑ is the oﬀ-axis angle and ϕ the end-tab angle.
Figure 5.5: Reference coordinate systems: specimen and material axes
5.3.1 Deﬁnition of the optimal oﬀ-axis angle
As explained in Section 5.2, the oﬀ-axis angle for which the ratio between the ma-
terial axes shear stain, 12, and the global tensile strain, xx, is maximum, i.e. the
optimal oﬀ-axis angle for G12 identiﬁcation tests, depends on the material proper-
ties, [91]. Figures 5.6 and 5.7 plot the strains in the material axes normalised by the
tensile strain in the specimen axes against the oﬀ-axis angle for two of the materials
of Table 5.1.
120Figure 5.6: Variation of the normalised strains against the oﬀ-axis angle for the CFRP1
material
Figure 5.7: Variation of the normalised strains against the oﬀ-axis angle for GFRP1
material
The optimal oﬀ-axis angle values are reported in Table 5.2 along with E11/E22
and E11/G12 ratios.
Table 5.2: Material properties ratios and consequent optimal oﬀ-axis angle
E11/E22 E11/G12 Optimal angle
ratio ratio [◦ ]
CFRP1 15.3 19.4 13
CFRP2 12.7 19.0 14
GFRP1 3.0 6.0 28
GFRP2 4.7 9.4 21
121Observing Figures 5.6 and 5.7 it appears evident that the material shear strain
is dominant in a region approximatively from -5◦ to +15◦ around the optimal oﬀ-
axis angle. Testing around the optimal oﬀ-axis angle has particular meaning when
measuring the strains with optical techniques, as this maximises the material shear
strain value that will be beneﬁcial when deﬁning the σ12-γ12 curves. The optimal
oﬀ-axis angle, i.e. the oﬀ-axis orientation angle at which the normalised shear strain
is maximum, is inﬂuenced by E11/E22 and E11/G12 ratios. A high E11/E22 ratio
has the eﬀect of reducing the optimal angle, while high values of shear modulus
G12 have the eﬀect of increasing it. Furthermore low E11/E22 and E11/G12 ratios
have the eﬀect of reducing the normalised strain. These observations are important
for the oﬀ-axis angle identiﬁcation for the preliminary test with square end-tabs:
values of 13◦ for CFRP and 24◦ for GFRP should be used. If this characterisation
methodology is to be applied to composite material with lower E11/E22 and E11/G12
ratios, e.g. natural ﬁbre composite, higher oﬀ-axis angle, around 25-30◦ , might be
needed for the preliminary oﬀ-axis test. Moreover this study justiﬁes the need to
run a second oﬀ-axis tensile test: not only the accuracy of G12 and shear failure load
is increased by the use of oblique end-tabs but also higher strains can be achieved
and a better stress-strain curve can be drawn to identify initial and tangent shear
moduli and to describe the non-linear shear behaviour at high strain.
Using the procedure described by Sun and Chung [105] and summarised in Section
5.2, it is also possible to calculate the oblique end-tab angle that allows to obtain
a state of nearly uniform stress in the gauge area. The results are summarised in
Table 5.3.
Table 5.3: Material properties ratios and consequent optimal oﬀ-axis angle
Optimal angle End-tab angle
ϑ [◦ ] ϕ [◦ ]
CFRP1 13 27
CFRP2 14 28
GFRP1 28 55
GFRP2 21 42
These values will be used in Section 5.3.2 to evaluate the eﬀect of inaccuracies in
the preliminary tests on the evaluation of the end-tab angle and on the identiﬁcation
of G12.
1225.3.2 Eﬀects of errors in the preliminary tests on the optimal
oﬀ-axis and end-tab angle
The importance of the preliminary tests to deﬁne the optimal oﬀ-axis and end-tab
angle has been explained previously. It must be taken into account that the three
moduli and Poisson’s ratio evaluated with the preliminary tests can be inaccurate.
It is therefore necessary to understand how these inaccuracies aﬀect the deﬁnition of
the test parameters and the ﬁnal results. The testing parameters that are aﬀected
by an inaccurate material characterisation in the preliminary phase are the oﬀ-axis
and the oblique end-tab angle. Two of the four materials presented in Table 5.1,
CFRP1 and GFRP1, are taken into consideration.
Eﬀects of errors in the preliminary tests on the optimal oﬀ-axis angle
The relative error on the oﬀ-axis angle deﬁnition as function of the relative error,
i.e.
ModulusMeasured
ModulusReal , in E11, E22 and G12 are shown in Figures 5.8 and 5.9.
Figure 5.8: Oﬀ-axis angle error as function of the relative error in the preliminary moduli
identiﬁcation experiments for the CFRP1 material
123Figure 5.9: Oﬀ-axis angle error as function of the relative error in the preliminary moduli
identiﬁcation experiments for the GFRP1 material
For the CFRP1 material, i.e. high E11/E22 and E11/G12 ratios, errors of the order
of ±20% in the moduli estimation leads to errors of the order of -15% and +31%
in the optimal oﬀ-axis angle. While for the GFRP1 material, i.e. lower E11/E22
and E11/G12 ratios, lead to errors of the order of ±21%. It can be concluded that
inaccuracies in the deﬁnition of the optimal oﬀ-axis angle does not aﬀect the shear
moduli identiﬁcation test that would still be performed at an oﬀ-axis angle for which
the 12/xx is still around its maximum. The repercussions of errors in the prelim-
inary tests are more severe in the oblique end-tab angle identiﬁcation.
Eﬀects of errors in the preliminary tests on the end-tab angle
The eﬀect of an inaccurate preliminary assessment of the material moduli on the
oblique end-tab angle is shown in Figures 5.10 and 5.11 as diﬀerence between the
end-tab angle evaluated with the wrong moduli values and the correct at the assumed
oﬀ-axis angle.
124Figure 5.10: End-tab angle error as function of the relative error in the preliminary
moduli identiﬁcation experiments for the CFRP1 material
Figure 5.11: End-tab angle error as function of the relative error in the preliminary
moduli identiﬁcation experiments for the GFRP1 material
Errors of the order of ±20% in the moduli estimation leads to an error of the
order of ±20% in the oblique end-tab angle for both materials. These correspond
to 5.5◦ for the CFRP1 material and 10◦ for GFRP1. A discussion about the eﬀects
of a wrong end-tab angle on the G12 modulus identiﬁcation is provided below, and
shown in Figure 5.17. In [92], Pierron et al. observed that in a CFRP specimen for
modulus measurement purposes an error up to 3◦ in the end-tab can be considered
acceptable. According to the authors an error up to 7◦ still generates a stress state
that can be assumed to be homogeneous at the centre of the specimen even if it
leads to signiﬁcant stress concentrations near the end-tabs.
125Eﬀects of errors in the specimen manufacturing on the end-tab angle
Even if the optimal oﬀ-axis angle and the corresponding end-tab angle are correctly
deﬁned, they might not be matched during the specimen manufacturing process.
Particularly for this research, where the specimens are hand cut with a tile cutter
equipped with a rotating diamond blade, higher than normal tolerances in the oﬀ-
axis and end-tab angle are to be expected. An error in the oﬀ-axis angle, caused
by cutting tolerance, leads to the use of an incorrect end-tab angle. The error on
the end-tab angle, ϕErr, originating from cutting the specimens at a wrong oﬀ-axis
angle, plotted in Figure 5.12, is calculated as:
ϕErr = ϕTol − ϕNom (5.9)
where ϕTol is the end-tab angle required by the oﬀ-axis angle at which the specimen
is cut, and ϕNom is the end-tab angle required by the nominal oﬀ-axis angle.
Figure 5.12: Error in the end-tab angle as function of an incorrect oﬀ-axis angle
It is fair to assume an error on the oﬀ-axis angle of maximum ±2◦ , this will cause
an error in the end-tab not higher than 1◦ . Ultimately, manufacturing errors on
the oﬀ-axis and end-tab angle cause on the G12 modulus evaluation the same eﬀects
as an incorrect end-tab angle deﬁnition. These eﬀects are discussed below.
Eﬀects of errors in the end-tab angle on G12 identiﬁcation
A ﬁnite element model is used to assess how an error in the oblique end-tab angle
inﬂuences the uniformity of the strain ﬁeld generated in the oﬀ-axis tensile test with
oblique end-tab.
126A model of the oﬀ-axis specimen is created using Ansys 14.0. The Shell 181
element is used to model the laminated composite material. This element is a four-
node element with six degrees of freedom at each node and has the capability of
modelling laminar composites. Furthermore Shell 181 allows the deﬁnition of the
orientation angle of the orthotropic material, used to model CFRP1 and GFRP1,
with respect to the model coordinate system. The optimised mesh size is deﬁned
through an optimisation process and 2000 elements are used to model the gauge
area, as shown in Figure 5.13.
Figure 5.13: Ansys model of the oﬀ-axis specimen with oblique end-tabs
To model the experimental conditions, the line deﬁned as L1 is constrained in the
x and y directions, while L2 is constrained in the y direction and a displacement of
1 mm is applied on the x direction.
The analyses are run varying the end-tab angle from -7◦ to +7◦ around the cor-
rect end-tab angle for the CFRP1 and GFRP1 materials. The gauge length is kept
constant. The presented results are the value of xx normalised respectively by the
global applied xx.
The results for the CFRP1 material are shown in Figure 5.14.
127Figure 5.14: Normalised xx strain for the CFRP1 material
The results for the GFRP1 material are shown in Figure 5.15.
Figure 5.15: Normalised xx strain for the GFRP1 material
From the strain data obtained with the model it is possible to evaluate the value
of G12 as function of the error on the end-tab angle. Figure 5.17 plots the value of
Moduluswrong angle
Moduluscorrect angle against the error on the end-tab angle. The strains are extracted
as average from an area in the centre of the gauge length.
128Figure 5.16: Ansys model: area of strain extraction for G12 calculation
Figure 5.17: Error on G12 as function of the end-tab error
For the CFRP1 material, representative of composite materials with high E11/E22
and E11/G12 ratios, an error of +7◦ in the end-tab estimate leads to signiﬁcant val-
ues of strain concentration near the end-tab, even if the strain state in the centre
of the specimen can still be assumed to be homogeneous. An error of -7◦ in the
end-tab estimate leads to signiﬁcant values of strain concentration near the end-tab
that has an eﬀect also in the centre of the specimen. This is caused by the fact that
the gauge length is kept constant and therefore the distance between the strain con-
centration points, A and B in Figure 5.16, is reduced and the strain concentration
areas interact. This eﬀect can be observed also in the error on G12, as shown in
Figure 5.17.
For the GFRP1 material, representative of composite materials with low E11/E22
and E11/G12 ratios, the eﬀects of the errors in the end-tab are less severe. The cent-
ral part of the specimen presents homogeneous stress and strain states with errors
on the end-tab up to ±7◦ . It can be observed in Figure 5.17 that G12 is mildly
aﬀected by errors on the end-tab angle estimation.
1295.4 Experimental work
5.4.1 Preliminary tests
The specimens were manufactured with MTM58FRB/HS(24K)-450-38%RW (Umeco)
pre-preg material stacked in a unidirectional lay-up and cured accordingly to the
manufacturer’s speciﬁcation. According to the procedure devised in Section 5.1,
three batches of specimens were used in the preliminary test phase. The character-
istics of these are summarised in Table 5.4.
Table 5.4: Specimen characteristic for preliminary tests
Fibre orientation Gauge length Thickness Width
angle ϑ [mm] [mm] [mm]
0◦ 80 0.9 15
10◦ 80 1.8 15
90◦ 80 4.5 15
Square end-tabs were used. The specimen were manufactured with co-cured end-
tabs to exploit the advantages oﬀered by this conﬁguration, as explained in Section
3.3.3. The specimen thickness of the 0◦ and 10◦ was chosen to guarantee a failure
load of about 20 kN. For the 90◦ specimens, where a signiﬁcantly lower failure load
was expected, the thickness was the maximum value that allowed the end-tabbed
specimen to be ﬁtted in the machine clamping system.
Low speed testing
The test set-up is described in Figure 2.19 of Section 2.3.4. The specimens were
loaded using a Series 5560, servo-electric, dual column, Instron test machine. The
strain results obtained from the front and the back of the specimens were averaged
and used to plot the stress-strain curves. The characteristics of the measurements
performed on the front and the back of the specimen are reported in Table 5.5 and
5.6.
130Table 5.5: Imaging characteristics for Stereo DIC on the front of the specimen for low
speed preliminary tests
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera AVT Manta G-504
Lens AF NIKKOR 50 mm
Resolution 2452 x 2056 pixels
Field of view 96 x79 mm
Frame rate 1 Hz
Spatial Resolution 0.384 mm
Displacement Resolution 0.02 pixels
Strain Resolution 0.27 me
Table 5.6: Imaging characteristics for Stereo DIC on the back of the specimen for low
speed preliminary tests
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera AVT Manta G-504
Lens AF NIKKOR 50 mm
Resolution 2452 x 2056 pixels
Field of view 98 x 80 mm
Frame rate 1 Hz
Spatial Resolution 0.391 mm
Displacement Resolution 0.021 pixels
Strain Resolution 0.25 me
The stress-strain curves obtained from the preliminary tests at a actuator dis-
placement speed of 0.6 mm/min are shown in Figures 5.18 to 5.19.
131Figure 5.18: Stress-strain curve for the identiﬁcation of E11 at 0.6 mm/min
Figure 5.19: Stress-strain curve for the identiﬁcation of E22 at 0.6 mm/min
132Figure 5.20: Stress-strain curve for the preliminary identiﬁcation of G12 at 0.6 mm/min
The stress-strain curves obtained from the preliminary tests at a actuator dis-
placement speed of 6 mm/min are shown in Figures 5.21 to 5.22.
Figure 5.21: Stress-strain curve for the identiﬁcation of E11 at 6 mm/min
133Figure 5.22: Stress-strain curve for the identiﬁcation of E22 at 6 mm/min
Figure 5.23: Stress-strain curve for the preliminary identiﬁcation of G12 at 6 mm/min
The evaluated material properties are shown in Table 5.10.
High speed testing
The test set-up is described in Figure 3.19 (Section 3.4.3) with the illumination
described in Figure 3.22 (Section 3.4.4). The specimen is loaded using the high
speed servo-hydraulic test machine described in Section 3.3.1. The characteristics
of the measurements performed at high speed are reported in Tables 5.7 and 5.8.
134Table 5.7: Imaging characteristics for Stereo DIC for high speed preliminary tests for 0.1
and 1 m/s
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera Photron SA-1
Lens Sigma 105 mm f/2.8
Resolution 235 x 680 pixels
Field of view 20.64 x 59.74 mm
Frame rate 25 kHz
Shutter speed 1/35000 s
Spatial Resolution 0.878 mm
Displacement Resolution 0.0011 pixel
Strain Resolution 0.47 me
Table 5.8: Imaging characteristics for Stereo DIC for high speed preliminary tests for
5 m/s
Technique DIC
Software DaVis 8.0.8
Subset size 31 x 31 pixels
Step size 10 pixels
Camera Photron SA-5
Lens Sigma 105 mm f/2.8
Resolution 192 x 744 pixels
Field of view 21.59 x 83.68 mm
Frame rate 40 kHz
Shutter speed 1/40000 s
Spatial Resolution 1.124 mm
Displacement Resolution 0.0013 pixel
Strain Resolution 0.51 me
The stress-strain curves obtained from the preliminary tests at a actuator dis-
placement speed of 0.1 m/s are shown in Figures 5.24 to 5.26.
135Figure 5.24: Stress-strain curve for the identiﬁcation of E11 at 0.1 m/s
Figure 5.25: Stress-strain curve for the identiﬁcation of E22 at 0.1 m/s
136Figure 5.26: Stress-strain curve for the preliminary identiﬁcation of G12 at 0.1 m/s
The stress-strain curves obtained from the preliminary tests at a actuator dis-
placement speed of 1 m/s are shown in Figures 5.27 to 5.29.
Figure 5.27: Stress-strain curve for the identiﬁcation of E11 and n12 at 1 m/s
137Figure 5.28: Stress-strain curve for the identiﬁcation of E22 at 1 m/s
Figure 5.29: Stress-strain curve for the preliminary identiﬁcation of G12 at 1 m/s
The stress-strain curves obtained from the preliminary tests at a actuator dis-
placement speed of 5 m/s are shown in Figures 5.30 to 5.32.
138Figure 5.30: Stress-strain curve for the identiﬁcation of E11 at 5 m/s
Figure 5.31: Stress-strain curve for the identiﬁcation of E22 at 5 m/s
139Figure 5.32: Stress-strain curve for the preliminary identiﬁcation of G12 at 5 m/s
The evaluated material properties are shown in Table 5.10.
Preliminary tests outputs overview
At this stage it is important to remark some aspects that might aﬀect the results
quality and therefore the moduli identiﬁcation at the diﬀerent strain rates. Two
diﬀerent data acquisition systems have been used to acquire data when performing
tests on the quasi-static servo-electric and the high-speed servo-hydraulic test ma-
chines. The two systems have diﬀerent spatial resolutions, this marginally aﬀects
the results as the strain maps are averaged over the specimen surface to obtain the
strain for a given load step. The two systems have also diﬀerent but comparable
strain resolution. Furthermore, identical specimens, i.e. with the same dimensions
and same mechanical properties, have been used to perform the tests at diﬀerent
actuator displacement speeds. This is reﬂected by the number of data points that
can be collected during the experiment duration. The average test duration and
average number of data points obtained from the diﬀerent tests are summarised in
Table 5.9.
140Table 5.9: Average test duration and number of data point used to deﬁne the
stress-strain curve
Actuator 0◦ 10◦ 90◦
displacement Test Data Test Data Test Data
speed duration points duration points duration points
[s] [s] [s]
0.6 mm/min 300 300 200 200 115 115
6 mm/min 35 35 20 20 10 10
[ms] [ms] [ms]
0.1 m/s 36 900 24 600 14 350
1 m/s 5.2 130 2.2 55 1.6 40
5 m/s 0.38 15 0.3 12 0.2 8
Furthermore observing Figures 5.27 and 5.31 the eﬀect of the slack adaptor dy-
namic response, described in Section 3.3.2, appears evident on the stress strain curve.
The eﬀects of the dynamic response of the slack adaptor will be further discussed
in Section 5.4.5.
Preliminary tests results and discussion
The longitudinal and transverse Young’s moduli, E11 and E22, are calculated con-
sidering the linear regression of the stress-strain curves. Following the methodology
devised by Chamis and Sinclair, [91], the shear modulus, G12, is determined from a
linear regression of the segment of the σ12-γ12 curve from 0 to 0.006 γ12. According
to the literature [63] the major Poisson’s ratio is considered constant for the diﬀerent
strain rates, a value of 0.31 is obtained from the quasi-static tests.
The obtained results are summarised in Table 5.10.
141Figure 5.33: |22|-11 for major Poisson’s ratio calculation from 0.6 mm/min tensile test
At this stage it is already possible to discuss the results relative to the longitudinal
and transverse Young’s moduli, i.e. E11 and E22. In accordance with the majority
of the results presented in the literature review in Section 3.2, both E11 and E22
appear to increase with the nominal strain rate. An analysis has been conducted to
verify if the diﬀerence between the values obtained at diﬀerent actuator speeds is
statistically signiﬁcant, as in Section 4.3.1. Analyses run for both E11 and E22 lead
to the same results:
• Considering the data coming from the low and the high speed tests as two
diﬀerent groups it can be concluded that there is a statistically signiﬁcant
increase.
• Over the whole set of data the results obtained at 0.6 mm/min are statistically
diﬀerent from the ones obtained at 1 and 5 m/s.
• Among the results obtained at high actuator displacement speed the only
statistically signiﬁcant diﬀerence is between the results obtained at 0.1 and
5 m/s.
It can be concluded that the increase of E11 and E22 with actuator displacement
speed is attributable to the material behaviour. In particular E11 increases by 4.6%
and E22 by 37%.
The results relative to the longitudinal and transverse moduli will be used in Section
5.5 to model the strain rate material behaviour. Also G12 increases with the nominal
strain rate. Accurate G12 values will be calculated in Section 5.4.3 from the oblique
end-tab specimens, where a methodology for its identiﬁcation from the stress strain
curves will be deﬁned.
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1435.4.2 Oﬀ-axis tests deﬁnition
From the data summarised in Table 5.10 it is possible to evaluate the optimal oﬀ-axis
tensile test angle, ϑ, and the correspondent oblique end-tab angle, ϕ. The results
are summarised in Table 5.11.
Table 5.11: Optimal oﬀ-axis and correspondent end-tab angle
Actuator Oﬀ-axis End-tab
displacement angle angle
speed ϑ [◦ ] ϕ [◦ ]
0.6 mm/min 11 21
6 mm/min 11 22
0.1 m/s 11 23
1 m/s 12 24
5 m/s 12 25
As explained in Section 5.3.1, it would be possible to perform all the tests at the
same oﬀ axis angle, between 10◦ and 15◦ , provided that the end-tab angle is correct.
The specimens were manufactured with the oﬀ-axis angle reported in Table 5.11,
errors of the order of ±2◦ might occur but, as discussed in Section 5.3.2, they have
limited eﬀect on G12 identiﬁcation.
5.4.3 Shear modulus identiﬁcation tests
The specimens for the shear modulus identiﬁcation tests were manufactured accord-
ing to the parameters summarised in Table 5.11. It was not possible to use co-cured
end-tabs at this stage because of manufacturing diﬃculties. The oblique end-tabs
were therefore bonded using SA-80 toughened low energy curing epoxy adhesive
ﬁlm, produced by Gurit. To keep the same nominal strain rate the gauge length was
kept the same as the one used in the preliminary tests, 80 mm; width and thickness
were respectively 15 and 1.35 mm.
The σ12-γ12 curves obtained from the oﬀ-axis tensile tests performed at the dif-
ferent actuator displacement speeds are shown in Figures 5.34 to 5.38.
144Figure 5.34: Stress-strain curve for the identiﬁcation of G12 at 0.6 mm/min
Figure 5.35: Stress-strain curve for the identiﬁcation of G12 at 6 mm/min
145Figure 5.36: Stress-strain curve for the identiﬁcation of G12 at 0.1 m/s
Figure 5.37: Stress-strain curve for the identiﬁcation of G12 at 1 m/s
146Figure 5.38: Stress-strain curve for the identiﬁcation of G12 at 5 m/s
Comparing the ﬁve Figures above, an increase of the failure stress and a reduction
of the failure strain with strain rate appears evident. This cannot be observed when
using square end-tabs, Section 5.4.1. This is due to the use of oblique end-tab that
relieve the stress concentration, and avoid premature failure, as shown in Figure
5.39. Furthermore, looking at Figures 5.34 to 5.38 an increase of the “linear region”
in the ﬁrst part of the stress-strain curve can be observed, this eﬀect can also be
observed in Figure 5.39.
Figure 5.39: Stress-strain curves obtained with square and oblique end-tabs.
Furthermore, observing the stress-strain curve of the shear behaviour of CFRP,
the linearity makes it diﬃcult to unequivocally deﬁne a modulus through a simple
147linear ﬁtting over the whole curve. The identiﬁcation method used to deﬁne G12 in
Section 5.4.1 is not suitable as it was ﬁnalised only to capture the general trend of
the initial shear behaviour with the ﬁnality to deﬁne the oblique end-tab angle. In
the examined literature, none of the authors clearly stated how the shear modulus
was deﬁned in their work, as mentioned in Section 3.2. It is decided here to deﬁne
two ways to identify initial shear modulus, representative of the elastic behaviour of
the material:
• Tangent modulus The tangent modulus at data point (s-g)n is calculated as the
slope of the linear regression from point (s-g)n-2 to point (s-g)n+2, as shown
in Figure 5.40.
Figure 5.40: Schematic of the tangent shear modulus calculation
The value of the tangent shear modulus is deﬁned as the average of the tangent
moduli calculated from point (s-g)3 to point (s-g)l-1 where point (s-g)l is
the point where the tangent modulus drops by 5% from the average of the
calculated shear tangent moduli.
• Secant modulus The secant modulus at data point (s-g)n is calculated as:
Secant G12 =
σn
γn
(5.10)
148Figure 5.41: Schematic of the secant shear modulus calculation
The value of the secant shear modulus is deﬁned as the average of the secant
moduli calculated from point (s-g)0 to point (s-g)l-1 where point (s-g)l is the
point where the secant modulus drops by a 5% from the calculated average of
the shear secant moduli.
It is believed that these approaches allow the identiﬁcation of the shear modulus
when the damage caused by shear has not yet appeared in the material and the
viscous behaviour of the resin is not yet the predominant deformation mechanism.
The obtained shear moduli are summarised in Table 5.12. An example of the curves
used to calculate tangent and secant G12 moduli from a low and a high speed test
are shown in Figure 5.42 and 5.43.
Figure 5.42: Tangent and secant shear moduli as function of strain: 0.6 mm/min test
149Figure 5.43: Tangent and secant shear moduli as function of strain: 1 m/s test
As for the preliminary results presented in Table 5.10, both the secant and tangent
shear moduli increase with strain rate. The two shear moduli calculation method-
ologies produce consistent results. The only set of data point where a signiﬁcant
mismatch of the results can be observed is for 6 mm/min deformation speed. How-
ever it must be noticed that for this set of data the tangent modulus presents an
high CV. The secant modulus identiﬁcation method is less aﬀected by the noisiness
in the stress-strain curve and therefore is more robust than the tangent modulus
method.
The same statistical analyses run in Section 5.4.1 for E11 and E22 is run here for
the secant and tangent shear moduli. These led to similar results. Therefore the
increases of 31% and 37% of the secant and the tangent moduli over the investigated
actuator displacement speed range are attributable to the material behaviour.
The secant and tangent shear moduli results are used in Section 5.5 to model the
strain rate dependent behaviour of the CFRP material studied here.
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1515.4.4 Beneﬁts of the oblique end-tabs
As explained in Section 5.2 the use of oblique end-tabs is aimed at achieving of an
uniform strain ﬁeld over the specimen surface. The ﬁrst way to verify if the end-tab
angle is correct is to verify if the iso-displacement lines generated by the specimen
stretching are parallel to the end-tabs. The longitudinal displacement maps for a
quasi-static and a high speed test, are shown in Figures 5.44 and 5.45 alongside the
ﬁnite element model results, Figure 5.46.
Figure 5.44: Displacement maps for a quasi-static test
Figure 5.45: Displacement maps for a 5 m/s test
Figure 5.46: Displacement maps from ﬁnite element model
152In both cases the specimens with oblique end-tabs show parallel iso-displacement
lines, in good agreement with the ﬁnite element results. The beneﬁts of the oblique
end-tabs are also visible in the strain ﬁeld, as shown in Figures 5.47 and 5.48. The
ﬁnite element results are shown in Figure 5.49.
Figure 5.47: Strain maps for a quasi-static test
Figure 5.48: Strain maps for a 5 m/s test
Figure 5.49: Strain maps for ﬁnite element model
The eﬀects of the use of the two kinds of end-tabs on the shear strain in the
material axes are shown in Figures 5.50 and 5.51. The ﬁnite element results are
shown in Figure 5.52.
153Figure 5.50: Shear strain maps in the material axes for a quasi-static test
Figure 5.51: Shear strain maps in the material axes for a 5 m/s test
Figure 5.52: Shear strain maps in the material axes for ﬁnite element model
The oblique end-tabs lead to a more uniform shear strain ﬁeld over the specimen
surface.
The use of full-ﬁeld strain measurement techniques allows not only the values of
strain to deﬁne the stress-strain curve to be obtained, but also to observe the strain
state over the entire specimen surface and verify the correct development of the
tests.
1545.4.5 Strain rate analysis and dynamic response of the slack
adaptor
As highlighted in Section 5.4.1, the outputs of the high speed tests are aﬀected by
the dynamic response of the slack adaptor. This can be observed in the stress-strain
curves. A generic study of the dynamic response of the slack adaptor was presented
in Section 3.3.2. With the collected data it is now possible to observe its eﬀects on
the stress and stain and how it ultimately aﬀects the properties that are measured
here. Typical stress and strain values plotted against time, obtained from a test
at a actuator displacement speed of 0.1 m/s on an oﬀ-axis specimen with oblique
end-tab, are shown in Figure 5.53.
Figure 5.53: Stress and strain vs. time
Two periodic oscillations with diﬀerent frequencies, shown in the blue circles, can
be easily identiﬁed. The signal was then analysed through a fast Fourier transform,
with results shown in Figure 5.54, to identify the characteristic frequencies of the
observed oscillations.
155Figure 5.54: Fast Fourier transformation of the stress and strain signals
The FFT of both stress and strain signals present the same shape with the peaks
of the dynamic response at the same frequencies. A modal analysis like the one
run in Section 3.3.2 is run with the material properties and dimensions suitable to
model the behaviour of the oﬀ-axis specimen. The results are summarised in Table
5.13, the conventions are the same as that used in Section 3.3.2.
Table 5.13: Modal analysis results
Mode Frequency Part Shape Direction
[Hz]
1 70 All Flex z
2 72 Spc Flex y
3 194 Spc Flex y
4 379 Spc Flex y
5 493 All Tors x
6 625 Spc Flex y
7 731 All Flex z
8 930 All Flex y
9 1011 All Flex y
10 1089 All Flex z
The responses to mode 1 and 2 happen at frequencies too slow to be recorded
during the observation time. The torsional eﬀects cannot be observed on the stress
or strain signals. The specimens oﬀer a higher ﬂexural stiﬀness in the z than in the
y direction. Therefore the dynamic eﬀects observed in the stress and strain signals
are the oscillations in the y direction. The peaks of the FFT shown in Figure 5.54
coincide with the modal frequencies 3, 8 and 9 of Table 5.13. It can be therefore
concluded that the oscillations of the stress and strain signals shown in Figure 5.53
156are caused by the dynamic response of the specimen-slack adaptor system. As
these happen in synchronisation in this cases they have no eﬀect on the stress-strain
curves. The same analysis was run on all the experimental results leading to the
same conclusions. It is believed that in the 1 and 5 m/s actuator displacement speed
tests the system responds in the same way, however the duration of the tests and
the number of data points does not allow an FFT to be performed to verify this
hypothesis. When the strain is diﬀerentiated over time to obtain the strain rate,
the dynamic response of the specimen-slack adaptor has the eﬀect of increasing the
noise on the strain rate, as shown in Figure 5.55.
Figure 5.55: Eﬀect of the dynamic response of the specimen-slack adaptor system at
0.1 m/s actuator displacement speed on the strain rate
The combination of the inertia eﬀect described in Section 4.2.4 and the dynamic
response makes it diﬃcult to identify the strain rate of the studied events.
FFT transform was also performed on the strain rate signal, as shown in Figure
5.56.
157Figure 5.56: Fast Fourier transform of the strain rate signal
The peaks of the dynamic response are at the same frequencies as the ones of
stress and strain signal, shown in Figure 5.54. The only diﬀerence in the two curves
is the presence of high frequency noise introduced by the diﬀerentiation process.
5.5 Material strain rate dependent behaviour
modelling
In this section the longitudinal, transverse and shear moduli summarised in Tables
5.10 and 5.12 are used in combination with the regression function described by
Equation 3.1 proposed by Shokrieh and Omidi in [48], [49] [50] and [51], and recalled
below, to describe the strain rate dependence of these properties:
M (˙ ) = α + β˙ 
χ (5.11)
Considering what was discussed in Section 4.2.4 about the impossibility of achieving
a uniform strain rate over the whole test duration, and the eﬀect of the slack adaptor
dynamic response, Section 5.4.5, it is not possible to unequivocally deﬁne the strain
rate of the tests. The analysis of the results is therefore based on the nominal strain
rate, calculated with Equation 4.2, recalled below:
˙  =
V
L
(5.12)
where V is the actuator speed and L the gauge length.
The average of the values used to inform the regression function model are sum-
158marised in Table 5.14.
Table 5.14: Moduli summary in GPa as function of the strain rate
Strain rate E11 E22 Secant G12 Tangent G12
1.25·10-4 123.7 7.5 4.2 4.1
1.25·10-3 125.0 8.0 4.4 3.7
1.25 126.2 9.5 4.9 4.6
12.5 127.5 9.6 5.3 5.2
62.5 129.4 10.3 5.5 5.6
The results obtained from the data ﬁtting are shown in Figures 5.57 to 5.60.
Figure 5.57: Longitudinal modulus strain rate dependence
Figure 5.58: Transverse modulus strain rate dependence
159Figure 5.59: Secant shear modulus strain rate dependence
Figure 5.60: Tangent shear modulus strain rate dependence
Several computational runs were performed using diﬀerent sets of initial ﬁtting
parameters. The material constants converged to the values summarised in Table
5.15 along with the coeﬃcients of correlation R2.
Table 5.15: Material constant for curve ﬁtting describing longitudinal and transverse
moduli behaviour
Constant E11 E22 Secant G12 Tangent G12
α [GPa] 1.24 102 1.05 102 3.79 100 3.72 100
β [GPa·s] 2.19 100 -9.52 101 1.11 100 8.66 10-1
χ 2.18 10-1 -2.10 10-3 1.08 10-1 1.93 10-1
R2 0.968 0.985 0.997 0.950
Observing Table 5.15, and also considering the results obtained in Table 4.13 of
Section 4.3.2, it can be observed that the constant α is comparable with the value
160of the low strain rate modulus, while the constants β and χ are descriptive of the
eﬀects of strain rate on the modulus. In particular, β deﬁnes the rate of growth of the
considered properties, while χ represents the curvature of the regression function.
It appears evident how the results for E22 are in discordance with the other results.
Even if the ﬁtting curve shown in Figure 5.58 correctly describes the trend of the
transverse modulus with strain rate, the constants are not representative of the
material properties. Diﬀerent ﬁtting procedure have been tried, but for this case
no satisfactory results could be achieved. To compare the strain rate dependence of
the moduli the curves obtained with the regression function have been normalised
by the respective quasi-static value and plotted in Figure 5.61.
Figure 5.61: Normalised moduli against strain rates
It can be observed that the longitudinal modulus E11 is the less aﬀected by the
strain rate. E22 increases almost linearly, on a logarithmic scale, and its growth
is comparable with secant G12. Finally the strain rate has a higher eﬀect on the
tangent G12.
5.6 Summary
A characterisation methodology to investigate the strain rate dependent behaviour
of FRP material has been developed, veriﬁed and applied. The methodology can be
summarised as follows:
1. Preliminary tensile tests on unidirectional laminates with 0◦ , 90◦ and 10 or
20◦ (respectively for CFRP and GFRP) ﬁbre orientation with square end-tabs
to identify E11, E22, ν12 and a preliminary value of G12.
2. Deﬁnition of the oﬀ-axis and the oblique end-tab angle.
1613. Optimised oﬀ-axis tensile test with oblique end-tabs to identify G12.
The beneﬁts of the use of the oblique end-tab have been widely discussed and can
be summed up as the possibility to obtain a uniform strain ﬁeld over the specimen
surface, in the mitigation of the eﬀects of the stress concentration in the transition
area between specimen and end-tab and ﬁnally in a higher, and more realistic, fail-
ure stress. The eﬀects of errors in the oﬀ-axis and end-tab angle have also been
discussed. Furthermore the beneﬁts of measuring strains with full-ﬁeld optical tech-
niques is the possibility of monitoring if the oblique end-tab angle is correct by
observing the deformation and strain maps across the entire specimen.
As much as regards the experimental methodology, one of the main issues has
been identiﬁed as the dynamic response of the slack adaptor that, even if it only
marginally aﬀects the general experimental outputs, makes the identiﬁcation of some
test parameters such as the real strain rate diﬃcult.
1626 Conclusions and future work
6.1 Overview
The objective of the research was to develop and apply full-ﬁeld measurement tech-
niques to the characterisation of FRP material constitutive behaviour in a strain
rate range from quasi-static to 100 s-1. The main body of this work can be divided
in three parts:
1. Deﬁnition of a suitable experimental and imaging acquisition set-up, Chapters 2
and 3;
2. Validation of the developed methodology through the characterisation of a
GFRP material, Chapter 4;
3. Application of the developed methodology to investigate the strain rate de-
pendence of the stiﬀness of a CFRP material, Chapter 5.
The next section reports the main conclusions drawn during this research.
6.1.1 Novelty summary
The contributions of the research described in the thesis to the knowledge advance-
ment in the ﬁeld of FRP materials characterisation at intermediate strain rate with
full-ﬁeld strain measurement techniques, introduced in Section 1.3, can be summar-
ised as follows:
• Development and validation of a new experimental methodology to perform
test at strain rates between 0.01 and 100 s-1:
– Integration of VHS tensile test machine with high speed imaging.
– New co-cured end-tab design for high speed testing.
– Deﬁnition of a sound loading system for the VHS tensile test machine and
the study of its impact on the specimen behaviour and test performance.
• Application of full-ﬁeld strain measurement techniques traditionally used in
quasi-static testing to higher strain rates:
163– Use of high speed imaging and full-ﬁeld strain measurement techniques
to achieve quantitative maps, validated with conventional techniques, of
displacement, strain and strain rate over the whole specimen surface.
– Direct comparison of DIC and GM on the same specimen.
– Use of displacement and strain maps to verify the correct test conﬁgura-
tion.
• Deﬁnition of a novel experimental procedure to study the strain rate depend-
ence of longitudinal, transverse and shear moduli in FRP materials:
– Application of oﬀ-axis tests on specimens with oblique end-tabs at inter-
mediate strain rates to study FRP shear behaviour.
– Deﬁnition of a robust method to identify the elastic shear modulus G12.
– Use of a regression function to describe the strain rate dependent beha-
viour of FRP materials constitutive moduli.
6.2 Conclusions
6.2.1 Experimental and imaging acquisition methodology
1. It has been demonstrated that the acquisition of biased images, that will lead
to obtain biased strain maps and noisy stress-strain curves, can be prevented
by an accurate set-up of the illumination apparatus, particularly by avoiding
specular reﬂection on the specimen surface and image distortion caused by heat
waves. Furthermore, the beneﬁts of cold light sources has been demonstrated.
2. A slack adaptor system has been developed to clamp and load the specimen
when performing high speed tests. It has been proven that the use of the slack
adaptor overcomes the slippage issue that aﬀects the fast jaw system and allows
to minimise the out of plane movement. The slack adaptor behaviour has
been studied and the main issue has been identiﬁed in the dynamic response
triggered by the moment generated when the internal plunger and the outer
cylinder engage.
3. A novel means to obtain a correct specimen loading in high speed tests, avoid-
ing the end-tab debonding, by using co-cured end-tabs has been devised.
4. A suitable way to synchronise data coming from diﬀerent acquisition systems
has been identiﬁed in the use of a pulse generator to trigger the data acquisition
and deﬁne an experimental time-zero.
1645. A robust methodology based on full-ﬁeld measurement techniques, able to
produce repeatable and reproducible results, has been developed and validated.
6. The relevance of the maps obtained through the use of full-ﬁeld measurement
techniques is identiﬁed as:
• The possibility to control the correct loading of the specimen observing
the displacement maps. In particular it made possible to demonstrate
the beneﬁts of the oblique end-tabs, Section 5.4.4.
• The possibility to visualise the strain distribution over the specimen sur-
face and identify the strain concentration and damage localisation re-
gions.
7. GM is more labour intensive and time consuming but allows to obtain a higher
spatial resolution than the DIC. This will be of particular importance when
the experimental methodology developed in this PhD programme will be used
to measure non uniform strain ﬁelds with signiﬁcant gradient.
6.2.2 Material characterisation and strain rate dependent
behaviour
1. An experimental procedure that allows the characterisation of the strain rate
dependent material behaviour through the use of full-ﬁeld optical technique
with a single test conﬁguration has been devised and successfully applied. In
particular the use of oﬀ-axis specimens with oblique end-tabs has been demon-
strated to be a suitable mean to investigate the shear constitutive behaviour
of FRP materials.
2. The specimen design parameters and manufacturing process that might lead
to the incorrect implementation of the oﬀ-axis tensile tests have identiﬁed and
their impact on the experimental results have been quantiﬁed. Particularly
errors in the order of ±5◦ in the oblique end-tab angle produce and error
smaller than 0.5% in the estimated G12.
3. A consistent and reliable procedure to evaluate the initial secant and tangent
shear modulus, G12, was proposed and applied to real data in Section 5.4.3.
4. A simple but eﬀective regression function was used to describe the strain rate
dependent behaviour of FRP materials. This allowed to identify the strain
rate dependence of the constitutive properties of the investigate GFRP and
CFRP materials.
165• GFRP An increase of 14% of the E11 value was observed in a strain rate
range from quasi-static to 80 s-1.
• CFRP Over a strain rate range from quasi-static to 62.5 s-1 an increase of
4.6% was observed for E11, the moduli governed by the matrix dominated
material behaviour, E22 and G12, showed an increase in the order of 35%.
6.3 Recommendations for future work
The presented research has resulted in the development of a methodology for the
investigation of the strain rate dependent behaviour of FRP materials. It is anyway
acknowledged that in this thesis the capabilities of full-ﬁeld measurement techniques
are not exploited at their best. This research has proved the suitability of full-ﬁeld
optical techniques to measure uniform strain ﬁelds during high deformation speed
events and investigate the linear behaviour of materials. The importance of the
obtained results lie in fact that the usefulness of this technique to acquire data
suitable for material characterisation has been demonstrated. This is an essential
ﬁrst step to further exploit these techniques for material characterisation in the
future. Two potential applications are of particular interest:
• Data collected with full-ﬁeld strain measurement techniques can be used to
inform models of the non-linear behaviour of materials, especially when contact
strain measurement techniques are not able to provide information.
• The virtual ﬁelds method (VFM) [35] can be used to optimise the constitutive
parameters identiﬁcation process extracting full-ﬁeld strain maps from speci-
mens able to generate a non uniform strain ﬁelds.
6.3.1 High speed full-ﬁeld measurement techniques
The VFM is based on the virtual work principle that can be written as follows for
a given solid of volume V, as the one shown in Figure 6.1.
166Figure 6.1: Solid of any shape loaded at its boundary from [35]
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where σ is the actual stress tensor, u∗ and ∗ are the virtual displacement vector and
strain tensor respectively, ¯ T is the distribution stress vector acting on the boundary
Sf, f is the distribution of volume forces acting on V , ρ is the mass per unit volume
and a the acceleration. A virtual displacement ﬁeld is a test function for which the
previous equation is veriﬁed, and a virtual strain tensor is a strain tensor derived
from a given virtual displacement vector. It is important to underline that the above
equation is veriﬁed for any virtual ﬁeld (u∗) continuous and diﬀerentiable across the
volume and compatible with the boundary conditions. At this stage, the constitutive
equations are introduced in the form of:
σ = g() (6.2)
where g is a given function containing the constitutive parameters. Equation 6.1
can than be written as:
−
Z
V
g() : 
∗dV +
Z
Sf
¯ T.u
∗dS +
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f.u
∗dV =
Z
V
ρa.u
∗dV (6.3)
Any new virtual ﬁeld in Equation 6.3 will lead to a new equation involving the con-
stitutive parameters. Choosing the correct shape and number of virtual ﬁelds allows
to write a set of equations that can be used to extract the unknown constitutive
parameters.
The key issue of the method is the choice of the number and the shape of the virtual
ﬁelds. Two cases can be distinguished in the selection of g, as explained by Gr´ ediac
et al. [10]:
• The constitutive Equation 6.2 depend linearly on the constitutive parameters.
Provided that the actual strain ﬁeld is heterogeneous and that a number of
167independent virtual ﬁelds equal to the unknowns is chosen it is possible to
write a linear system which, after inversion, allows to calculate the constitutive
parameters .
• The constitutive Equation 6.2 is a non linear functions of the constitutive
parameters. The identiﬁcation strategy relies in this case on the minimisation
of a residual constructed with Equation 6.3.
Therefore full-ﬁeld displacement and strain ﬁelds obtained with optical techniques
can be used to inform the VFM from experiment that involves:
• the use of specimens that generates non uniform strain ﬁelds, e.g. the T-shaped
specimen proposed by Gr´ ediac and Pierron [9];
• obtaining full-ﬁeld maps also for non linear material behaviour.
6.3.2 Strain rate dependent behaviour study of CFRP
The data collected in Chapter 5 could also be used to inform a model to describe
the non linear shear behaviour of CFRP. A polynomial stress/strain relationship
like the one of Equation 6.4 can be used to describe the progressive shear damage.
σ12 = G12γ12 − kγ
3
12 (6.4)
where σ12 and γ12 are the shear stress and strain respectively, G12 is the shear
modulus and k is a positive real number representative of the damage evolution.
This constitutive law can be directly ﬁtted to the obtained data to deﬁne G12 and
k or in combination with the VFM, as done by Gr´ ediac et al. [110] or Chalal et al.
[111].
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